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ABSTRACT
OXYGEN ISOTOPES AS A TRACER OF DOM PROCESSES IN RIVERESTUARY SYSTEMS
Joy Ashley Matthews
Old Dominion University, 2010
Co-Directors:
Dr. David J. Burdige
Dr. Robert F. Dias

In the biogeochemical study of dissolved organic matter (DOM) in natural waters,
stable isotopes are used to provide insight into both the sources of DOM and the
processes affecting its alteration. Through the research presented here, oxygen isotopes
are incorporated into the study of DOM through the adaptation of a pyrolysis elemental
analysis isotope ratio mass spectrometer method, and sample preparation using twostage ultrafiltration.
The application of oxygen isotopes to the study of DOM is demonstrated in two
studies. First, natural abundance of 8 18 0 in DOM is explored in the Delaware estuary.
Using a two end-member mixing model, DOM oxygen isotopes are compared with
carbon isotopes, DOC concentrations and elemental ratios to determine if changes are a
result of two water bodies mixing. Isotope values are decoupled from concentration
values and indicate that from an isotopic perspective two end member mixing is
completed by mid bay. A conceptual model is presented with comparison to the
observed data. However, the extension of this model to DOM 8 18 0 values show that
additional processes affect the DOM oxygen along the estuary transect.
Oxygen isotopes are also used in an enrichment study to assess the sources of DOM
oxygen in the photochemical oxidation of organic matter. In a series of laboratory
irradiations using York River and Dismal Swamp water amended with either 1 8 0enriched dissolved oxygen or water, the amount of 18 0 incorporated into the high
molecular weight dissolved organic matter was determined. For both sites, a fraction of
the oxygen in DOM was photochemically incorporated from dissolved oxygen, although
a larger fraction was incorporated from water. The differences in incorporation between

sites are attributable to DOM compositional differences. An oxygen budget is proposed
for the observed Dismal Swamp photochemical DOM oxidation.
DOM oxygen isotopes provide an additional dimension in the investigation of DOM
sources and alteration processes. As DOM 8 18 0 values appear to be affected by
processes that do not alter the 513C values and are not correlated with the water 5 18 0
value, it provides an additional parameter for characterizing high molecular weight
DOM.
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CHAPTER I
INTRODUCTION
Understanding the fate of terrestrial dissolved organic matter (DOM) in the global
ocean continues to be a major focus of biogeochemical research (Benner, 2004; Hedges
et al., 1997). With 0.25 Pg of dissolved organic carbon (DOC) delivered annually by
rivers to the coastal ocean (Meybeck, 1982) and an oceanic DOC reservoir of 700 Pg C
(Siegenthaler and Sarmiento, 1993), the oceanic residence time for riverine DOC is less
than 3000 years. However, deep ocean DOM is significantly older (Bauer et al., 1992)
than this predicted age. While oceanic DOM contains biomarkers particular to vascular
plants (Hedges et al., 1997; Meyers-Schulte and Hedges, 1986; Opsahl and Benner,
1997), the portion of terrestrially-derived riverine DOM that is present in the global
ocean remains unclear. It appears that the vast majority of the terrestrial organic matter
appears to be removed in estuaries and the coastal ocean (Hedges et al., 1997; Mannino
and Harvey, 2000b).
Shifting physicochemical properties in estuaries create an environment where
terrestrial organic matter can be rapidly modified en route to the coastal ocean. Abiotic
processes, such as photochemical degradation (Mopper and Kieber, 2002), flocculation
(Sholkovitz, 1976) and adsorption to minerals (Mayer, 1994), as well as biological
processes, such as heterotrophic remineralization (del Giorgio et al., 1997), sloppy
feeding (Strom et al., 1997), and cell lysis (Agusti et al., 2001) can make significant
changes to the DOM pool during transport to the coastal ocean. Furthermore, coupled
abiotic and biotic processes may make iterative changes to the DOM pool such as
changing the bioavailability of photochemically altered DOM (Moran and Zepp, 1997;
Obernosterer et al., 2001).
DOM is a complex mixture derived from a variety of sources and operated on by
multiple processes at different rates. This complexity creates a challenge for
understanding the biogeochemical cycling of that organic matter, while analytical
challenges result from not being able to identify the many compounds involved due to
matrix effects, low concentrations, and insufficient instrumental methods.
The model journal for this dissertation is Marine Chemistry.
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Bulk analyses provide an integrated measure for the complex mixture of organic
matter. These analyses include elemental analysis for percent carbon, nitrogen, oxygen,
etc., and stable isotopic determination (813C, 515N, 5D and 534S). Stable isotopes provide
a valuable tool for both characterizing DOM and examining mechanisms that affect
DOM. For example, carbon and nitrogen isotopes have been used to discriminate
autochthonous from terrestrial sources of DOM (Loh et al., 2006; Mannino and Harvey,
2000b; McCallister et al., 2006; Raymond and Bauer, 2001b). However due to the small
range of DOM 8I3C and significant overlap between sources, a multiple isotope
approach is desired (Bauer, 2002; Guo et al., 2003; McCallister et al., 2004). In addition
to measuring natural isotopic abundances, the addition of isotopically enriched
compounds to a system allows specific processes to be quantified, such as with the
addition of 14C-enriched leucine to measure bacterial production (Kirchman, 1993) or
the addition of C-enriched bicarbonate to large scale mesocosms to investigate carbon
flow from phytoplankton to bacteria (Norman et al., 1995).
Oxygen represents a significant fraction of DOM by weight (e.g., Koch et al., 2005),
and oxygen-containing functional groups are the source of much of the reactivity in
1^

organic reactions, yet it is not frequently used in the characterization of DOM.

C-

NMR can be used to assess the distribution of oxygen-containing functional groups (e.g.,
Hedges et al., 1992), however, this technique only provides information regarding
oxygen bound to carbon excluding oxygen bonded to other heteroatoms.
Furthermore, while carbon and nitrogen stable isotopes are routinely used to gain
insight into sources, sinks and reaction pathways of DOM (Bauer, 2002, and references
therein), the application of oxygen stable isotope ratios ( 0/ O) to study DOM remains
unexplored. This is largely due to analytical challenges, including the lack of an
established continuous flow method and the potential interference of nitrogen and
inorganic forms of oxygen. Prior to the mid-1990s, batch methods used to determine
5 18 0 values were cumbersome and prone to interference by heteroatoms (DeNiro and
Epstein, 1989; Schimmelmann and DeNiro, 1985). Within the last decade, 5 18 0 values
have been determined for organic compounds by continuous flow pyrolytic systems with
analysis of the carbon monoxide produced (Breas et al., 1998; Farquhar et al., 1997;
Kornexl et al., 1999a; Koziet, 1997; Werner et al., 1996). The technique has been
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predominantly applied to pure compounds, such as cellulose (Saurer et al., 1997),
ethanol (Calderone et al., 2006), vanillin (Koziet, 1997), and simple mixtures, such as
whole olive oil (Angerosa et al., 1999; Breas et al., 1998) and dried plant material
(Cernusak et al., 2004; Farquhar et al., 1997). These works have linked the 8 18 0 of the
organic analyte with the oxygen isotopic signature of the water present during
biosynthesis to distinguish geographic origins (Angerosa et al., 1999) or shifts in climate
(Helliker and Ehleringer, 2002).
1 R

Determination of 8 O may provide additional information for understanding sources
and processes affecting DOM. As an example, oxygen species play a key role in the
photochemical transformation of DOM. Dissolved inorganic carbon (DIC), carbon
monoxide (CO), and low molecular weight (LMW) organics are produced (Kieber,
2000; Mopper et al., 1991) with the concomitant consumption of dissolved oxygen
(Amon and Benner, 1996), yet the reaction pathways are poorly understood (Mopper and
Kieber, 2002). Also, the photochemical oxygen budget is not well-constrained and the
dissolved oxygen present is insufficient to account for the observed formation of
photoproducts (i.e., DIC and CO), the production of peroxide, and the oxidation of DOM
(Mopper and Kieber, 2002). With the two major pools of oxygen, atmospheric oxygen
and water having significantly different 8 18 0 values, 23.5%o to 23.8%o and -10%o to 2%o
respectively (Schmidt et al., 2001), determining the source of oxygen incorporated into
DOM should be amenable to isotopic approaches provided that the analytical challenges
can be overcome.
The 8 I 0 0 of an organic molecule is a function of the isotopic composition of the
reactants and the fractionation factor of the biosynthesis pathway. The main sources of
oxygen for biological products are water, molecular oxygen, and carbon dioxide, with
ranges of 8 18 0 values of-10%o to 2%, 23.5%o to 23.8%o, 40.3%o to 42.5%o, respectively
(Schmidt et al., 2001). A small amount of oxygen is also likely incorporated from
nitrate and phosphate. Source water has the largest isotopic range and varies by
geography, with the 8 18 0 of precipitation being a function of latitude, altitude, distance
from source water, and extent of rainout (Gat et al., 2000). The isotopic range can
broaden further during biosynthesis; for example, leaf water in plants is isotopically
enriched in 18 0 by transpiration (Farquhar et al., 1998). Bulk organic matter is an
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aggregate of many compound classes which are produced through different biosynthetic
pathways with different isotopic fractionations associated with them (Schmidt et al.,
2001); therefore, the range of 5 18 0 for bulk organic matter, particularly as DOM, is not
well constrained. The 8 O values for a range of organic compounds are presented in
Table 1 along with the primary oxygen sources from which they are produced.

Table 1. Natural compounds with representative 5 18 0 and oxygen sources (adapted from
Schmidt et al., 2001)
Natural organic compound

8

OVSMOW

Oxygen source

Cellulose, beet leaves

19.6 to 23.6%o

Carbon dioxide and water

Soluble sugars, cane

28 to 34%o

Carbon dioxide and water

Glycerol, olive oil

19.5to22.5%0

Carbohydrate precursor and
water

Lactose, cow milk

15to20%o

Carbon dioxide and water

L-Menthol

5.9%o

0 2 and water

Sterols, olive oil

3.1to7.9%o

0 2 and water

Lignin

12tol5%o

0 2 and water

Caffeine

-4.3 to 9.9%o

Water and bicarbonate

Between initial production of an organic molecule and the introduction of the
(potentially altered) organic molecule to natural waters, many processes may affect both
the compositional and isotopic characteristics of the molecule. The molecule may be
excreted directly to the waters by a living organism, leached from decaying biomass,
weathered from sedimentary rock, received through atmosphere deposition, or
diagenetically altered in soils for an extended period before being removed to the water.
Additionally, anthropogenic inputs, such as waste water treatment plants, deposit an
assortment of organic compounds to natural waters. These many sources and reaction
18

pathways integrate across space and time to determine an initial DOM 5 O value.
Processes affecting the 8 18 0 of DOM once it has been delivered to an aquatic
system, while complex, are more manageable. The main processes affecting DOM are
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physicochemical changes in the environment, photochemical alteration, microbial
alteration, and interactions with particles, including sedimentation. The research
presented here was focused on adapting an elemental analyzer preparatory system
configured for pyrolysis for an isotope ratio mass spectrometer (pyrolysis-EA-IRMS) to
measure the 8 18 0 of DOM isolated from natural waters. Additionally, I developed new
wet chemical protocols and standards to ensure the integrity of the oxygen isotope
measurements of complex materials. A survey of river/estuarine systems defined the
range and trends in DOM 5 18 0 values. And finally, a series of 180-labeled irradiation
experiments allowed me to follow the incorporation of oxygen (from O2 and H2O) into
photodegraded DOM.
The adaptation of the pyrolysis-EA-IRMS method for the determination of 5 18 0 is
discussed in Chapter II, including selection of standards and potential shifts in 5 18 0
during sample preparation. Chapter III presents research using oxygen isotope
enrichments in a series of laboratory photochemical experiments to determine the source
of oxygen during the photooxidation of dissolved organic matter. Chapter IV focuses on
interpreting the 5 18 0 natural abundance in DOM for a temperate estuary, the Delaware
estuary, in the context of the biogeochemical processes taking place through comparison
with 813C values and elemental ratios. Finally Chapter V draws conclusions on the
application of 8 18 0 to investigating biogeochemical cycling and discusses further
research required.
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CHAPTER II
DEVELOPMENT OF PREPARATIVE METHODS FOR THE
DETERMINATION OF 5 18 0 OF DISSOLVED ORGANIC MATTER
BY PYROLYSIS-EA-IRMS
Introduction
Deciphering the processes involved in the biogeochemical cycling of organic matter
and its interactivity with atmospheric carbon dioxide is an area of major research focus
due to the need to better understand and predict natural processes in a changing climate.
Oceanic dissolved organic matter (DOM), with an estimated reservoir of 700 Pg C,
represents a pool of organic carbon roughly equivalent in size to atmospheric carbon
dioxide (Siegenthaler and Sarmiento, 1993). This pool is thought to be composed of
both highly reactive organic matter that remineralizes quickly and more recalcitrant
organic matter which remains in the DOM pool for centuries (reviewed in Benner,
2002). Because remineralization from this pool is a potential source of atmospheric
carbon dioxide, much research focuses on understanding the structure of DOM and
processes controlling its remineralization. In the attempt to characterize DOM and
describe process-related changes in DOM characteristics, many analytical tools, both
bulk and compound specific, have been used.
While carbon and nitrogen stable isotopes are routinely used to gain insight into
sources, sinks and reaction pathways of DOM (Bauer, 2002 and references therein), the
application of oxygen stable isotope ratios ( 18 0/ 16 0) to study DOM remains unexplored.
This is largely due to analytical challenges, including the lack of an established
continuous flow method and the potential interference of nitrogen and inorganic forms
of oxygen. Prior to the mid-1990s, batch methods used to determine 8 18 0 values were
cumbersome and prone to interference by heteroatoms (DeNiro and Epstein, 1989;
Schimmelmann and DeNiro, 1985). Within the last decade, 5 18 0 values have been
determined for organic compounds by continuous flow pyrolytic systems and analysis of
the carbon monoxide produced (Breas et al., 1998; Farquhar et al., 1997; Kornexl et al.,
1999a; Koziet, 1997; Werner et al., 1996). The technique has been predominantly
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applied to pure compounds, such as cellulose (Saurer et al., 1997), ethanol (Calderone et
al., 2006), vanillin (Koziet, 1997) and simple mixtures, such as whole olive oil
(Angerosa et al., 1999; Breas et al., 1998) and dried plant material (Cernusak et al.,
2004; Farquhar et al., 1997). These works have linked the 8 18 0 of the organic analyte
with the oxygen isotopic composition of the water present during biosynthesis to
distinguish geographic origins (Angerosa et al., 1999) or shifts in climate (Helliker and
Ehleringer, 2002).
While oxygen represents a significant fraction of DOM by weight (e.g., Koch et al.,
2005), and oxygen-containing functional groups are the source of much of the reactivity
in organic reactions, oxygen is seldom used in the characterization of DOM.

13

C-NMR

can be used to assess the distribution of oxygen-containing functional groups (e.g.,
Hedges et al., 1992); however, this technique only provides information regarding
oxygen bound to carbon, excluding oxygen bonded to other heteroatoms. Determination
of5 1 8 0 may provide additional insights for understanding sources and processes
affecting DOM. As an example, oxygen species play a key role in the photochemical
transformation of DOM; dissolved inorganic carbon (DIC), carbon monoxide (CO), and
low molecular weight (LMW) organics are produced (Kieber, 2000; Mopper et al., 1991)
with the concomitant consumption of dissolved oxygen (Amon and Benner, 1996), yet
the pathways between these reactants and products are poorly understood (Mopper and
Kieber, 2002). Also, the photochemical oxygen budget is not well-constrained and the
dissolved oxygen present is insufficient to account for the formation of photoproducts
(i.e., DIC and CO), the production of peroxide, and the oxidation of DOM (Mopper and
Kieber, 2002). With the two major pools of oxygen, atmospheric oxygen and water,
having significantly different 5 18 0 values, 23.5%o to 23.8%o and -10%o to 2%o,
respectively (Schmidt et al., 2001), determining the source of oxygen incorporated into
DOM should be amenable to isotopic approaches provided that the analytical challenges
can be overcome.
The presented research extends the continuous flow pyrolysis - elemental analyzer isotope ratio mass spectrometer (pyrolysis-EA-IRMS) system to the determination of
5 18 0 of DOM. DOM analyses are frequently complicated by DOM being a dilute
solution in a complex matrix; therefore, DOM samples must be concentrated and

8

desalted, in this case using ultrafiltration. Beyond discussing the sample preparation
and method validation issues, ranges and trends in DOM 5 18 0 values are presented for
two US east coast river transects.

Methods
System configuration
The pyrolysis-EA-IRMS system used here is adapted from Komexl et al. (1999a). A
Europa elemental analysis (EA) preparatory system, coupled to a Europa Geo 20-20
IRMS (SerCon Limited, Crewe, UK), was modified to include a Hekatech high
temperature furnace allowing temperatures to 1550°C (Fig. 1). The reaction column is a
tube-in-tube design configured for the high-temperature pyrolysis of samples (Kornexl et
al., 1999a). The pyrolysis reactor consists of an outer Al 3 ceramic tube (Sercon, 470
mm x 19 mm od; 15 mm id) and an inner glassy carbon column (Sigradur, 400 mm x 13
mm od; 9 mm id) which is held in place by stainless steel supports. The design, which
allows the helium carrier gas to flow both within and around the glassy carbon tube,
eliminates exposure of the sample to the ceramic tube, thereby avoiding possible
exchange between the oxygen of the sample with that of the ceramic material. The
glassy carbon column is plugged with a small amount of quartz wool, then filled with
splintered glassy carbon (Sigradur, Type G, 1000 to 2000 urn) and topped with 20 mg
nickelized carbon (Sercon Group, 30% nickel). The amount of the glassy carbon grit is
adjusted so that the samples are introduced to the hottest part of the furnace. For organic
samples, the pyrolysis column is held at 1200°C, which enables quantitative conversion
of the sample oxygen to carbon monoxide with minimal adsorption to the column
packing (Belcher et al., 1969). As the column is initially heated, CO is generated from
any organic contaminants in the system, leading to an elevated baseline which declines
over 4 to 6 hours.
To ensure quantitative conversion of sample oxygen to carbon monoxide, the carrier
gas is doped with chloropentane (Kirsten, 1977). A small reservoir of 1 -chloropentane
(Aldrich, 99%) is plumbed in-line immediately preceding the autosampler. The
volatilization of the chloropentane over time regenerates the nickelized carbon catalyst

1—X

Pyrolysis
Column
at
1200°C

Water
Trap

C0 2
Trap

Molecular
Sieve 5A
0.25in x 2m
at 75°C
and 75ml/min

GC

To
IRMS

removes halogens, contains ascarite.

Fig. 1. Diagram of pyrolysis-EA-IRMS system. The water trap contains magnesium perchlorate; the CO2 trap, which also

Quartz wool
Stainless steel
support

Glassy carbon grit-

Nickelized carbon •

Glassy carbon
column

Ceramic column

Pyrolysis
column packing

Sample introduced via
autosampler
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and provides an additional carbon source for the formation of carbon monoxide (Kirsten,
1977).
Dry samples, containing approximately 300 to 500 ng of oxygen, are prepared in
lightweight tin capsules (elementar Americas, Inc.). While both silver and tin capsules
were tested and resulted in blanks below detection limits, lightweight tin capsules are
preferred to reduce ash and extend the column life to approximately 250 samples.
Samples are introduced into the pyrolysis column via a 66-position autosampler
(Europa). Each autosampler cell is purged with helium before the sample is dropped.
Helium, at 75 ml/min, carries the CO produced in the pyrolysis reactor through
magnesium perchlorate and ascarite columns to remove residual water, and halogens and
acidic gases, respectively (Gehre and Strauch, 2003). During pyrolysis, some portion of
the sample nitrogen is converted to N2 leading to a significant interference in the
measurement of CO as this N2 contributes to the mass 28 signal. To separate N2 from
CO, the gas stream next passes through a GC molecular sieve 5 A column (l/4"OD PFTE
x 2 m) at 75°C.
After separation from N2, the CO (in the carrier helium stream) continues to the
IRMS source which is tuned to monitor mass-to-charge (m/z) ratios 28, 29, and 30. The
m/z ratio 30 to 28 corresponds to the ratio of 12 C 18 0 to 12 C 16 0 without the small
correction for the I 6 0 contribution to m/z 29 ( 13 C I6 0) which is estimated as less than
0.1%o (Saurer et al., 1998). Additionally, Farquhar et al. (1997) showed the contribution
of C O and C O to be only 0.01 %o. Both of these small corrections are not included
in the data presented here.
Notation and references
The oxygen isotopic value is expressed as 8 O relative to international standard
Vienna Standard Mean Ocean Water (VSMOW) and is calculated as
sample
°

^

VSMOW

*

1000

^Ref

where Rsampie is the ratio of 18 0/ 16 0 for the sample, and RRef is the same ratio for
VSMOW, which is 0.0020052 (Gonfiantini et al., 1995).

(1)
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There are currently limited internationally recognized organic standards for 8 18 0.
The International Atomic Energy Agency (IAEA) benzoic acid standards, IAEA-601 and
1 R

IAEA-602, have preliminary values of 5 O of 23.2%o and 71.4%o respectively which are
averages of the values determined by on- and off-line methods (Schimmelmann et al.,
2002). The on-line values for these standards, which were determined by pyrolysis-EAIRMS to be 23.1%o and 70.9%o (Schimmelmann et al., 2002), are used in calibrating the
internal references used for this work. Additionally, IAEA-C3 is a 813C cellulose
standard which, while not being an official 5 18 0 standard, has been analyzed by several
laboratories using both on- and off-line methods, and has an accepted 6 18 0 of 31.9%o
(Buhay et al., 1995; Kornexl et al., 1999b). Finally, an additional cellulose reference was
obtained from the Center for Stable Isotope Biogeochemistry at the University of
California at Berkeley. These references were used to establish 8 18 0 values for a
number of compounds - benzoic acid and adipic acid equilibrated with either 1 8 0enriched or depleted water - which were then used as internal references (Table 2).
1R

The range of 5 O values observed for DOM samples analyzed thus far is -1 to 19%o
- well outside of the range covered by recognized standards. Additionally 8 18 0 over the
observed range is non-linear requiring additional standards for a polynomial fit.
Dimethoxybenzoic acid (Acros Organics, 99%, Lot # A0232532) is sufficiently depleted
to be an appropriate reference. A number of dilution series with the two adipic acid
references were used to establish a 8 18 0 of-4.2%o for the compound (Table 2).
Each sample batch contains triplicates of 4 standards interspersed with samples; the
standards are used to apply corrections as appropriate. As a precaution, a capsule of
phenanthrene is included between each triplicate to provide an additional carbon source
in an effort to minimize memory effects.
Ideal reference compounds should be compositionally similar to the samples being
measured. In the case of complex mixtures such as natural DOM, this is not currently
possible and it is assumed that the pyrolysis characteristics are similar for the reference
compounds and samples.

12
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Table 2. Organic 8 O standards and references. Statistics for measured values are
calculated after removing outliers beyond one standard deviation.

a
b

Standards
IAEA-601 Benzoic acid
IAEA-602 Benzoic acid
IAEA C3

Published Value (%o)
23.1 ±0.3 a
70.9 ±0.1 a
31.9±0.5 b

Internal References
Benzoic acid
Adipic Acid (enriched)
Adipic Acid (depleted)
Dimethoxybenzoic Acid

Measured Value (%o)
24.6 ± 0.4 (n = 53)
42.2 ± 0.4 (n = 50)
21.3 ± 0.5 (n = 61)
-4.2 ± 0.4 (n = 57)

Determined by on-line methods (Schimmelmann et al., 2002)
Determined by off-line methods (Buhay et al., 1995)

Sample preparation
Low DOM concentrations and complex matrices require that sample preparation
both concentrate the organic material and remove interfering oxygen compounds,
including water and inorganic salts, which are pyrolyzed to varying extents with the
organics. Particles and bacteria were removed by filtering through 0.1 um
polyethersulfone capsule filters (Whatman), which had been cleaned with dilute NaOH,
methanol, and copious ultrapure deionized water (18.2 MQ; Millipore Synergy 185)
with blanks checked by DOC concentration. The high molecular weight (HMW)
fraction was then isolated and concentrated by ultrafiltration using stirred cells
(Millipore / Amicon) with 1 kDa regenerated cellulose membranes (Millipore YM1).
Following concentration, the retentate was desalted by rinsing with aliquots of ultrapure
deionized water. The HMW fraction was then frozen and lyophilized; dried samples
were kept in desiccators until analysis in order to prevent sample contamination from
water adsorption.
As the oxygen of water molecules can exchange with some organic oxygencontaining functional groups (Samuel and Silver, 1965), the possibility exists that the
5 18 0 of the DOM may shift during diafiltration as a result of exchange with the rinse
water. To evaluate the potential extent of exchange in the timeframe associated with
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diafiltration (less than 72 hours), separate aliquots of HMW DOM, isolated from the
Great Dismal Swamp, were reconstituted in deionized water enriched in 18 0 to 200%o.
The samples were stored in the dark at room temperature and flash frozen using a liquid
nitrogen / isopropanol slurry at 0, 12, 24, 48, and 72 hours. The samples were
lyophilized and analyzed for 8 18 0.
Natural samples
To evaluate the extent of pyrolysis of natural samples, a reference with a well-known
elemental composition is required. Suwanee River natural organic matter (NOM) is a
reference material available from the International Humic Substance Society (IHSS) that
contains 42.69% oxygen in a dry ash-free sample (see IHSS product chemical properties
at http://www.ihss.gatech.edu/). Suwanee River NOM contains 7.0% ash and 8.15%
water leading to 39.4% organic oxygen in a dried sample. Samples vacuum dried for 12
hours at 60°C decreased in weight by 8.5% agreeing well with the published values. The
percent of sample oxygen converted to CO during pyrolysis was calculated by
pyrolyzing varying masses of Suwanee River NOM and comparing the amount of CO
produced with that produced from a sucrose standard.
Data are presented for freshwater transects of the Nottoway and Hudson Rivers. The
Nottoway River is a small blackwater river in rural southern Virginia which merges with
the Blackwater River near the North Carolina border to form the Chowan River. The
Chowan watershed in Virginia is predominantly forested (59%), with significant
agriculture and wetland coverage, 26% and 10%, respectively (Harned et al., 1995).
Five sites along the lower Nottoway River were sampled on January 6, 2006 and June
22, 2006 (Fig. 2a). Samples were collected at 5 locations on the Hudson River on July
18, 2006 from Newburgh NY to New York City (Fig. 2b). This portion of the Hudson
River / estuary is predominantly urban with numerous waste water treatment plants and
industrial facilities (Tovar-Sanchez et al., 2004). At each site 4 to 20 L of water were
collected; the amount collected was based on the anticipated DOC concentration.
Aliquots were subsampled for DOC concentration and water 8 18 0; the remaining water
was ultrafiltered. The HMW fraction was analyzed for 8 18 0 and 513C. Ultrafiltration
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Fig. 2. Map of sampling sites, a) Nottoway River b) Hudson River. Maps were created
using Google Maps™.

was not replicated, but instrumental variability was determined by performing analysis
replicates of the HMW DOM.
Ancillary measurements
DOC concentrations were determined by wet oxidation using an 01 Analytical
1030W. 513C values were determined for the HMW fraction by EA-IRMS on a
Thermofinnigan Delta Plus XL at Indiana University; every eighth sample analysis was
duplicated with a standard deviation of 0.1%o. 5 18 0 for water samples were equilibrated
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with CO2 on a Gas Bench Equilibrator and analyzed on a Thermofinnigan Delta Plus XL
at Indiana University; every eighth sample analysis was duplicated with a standard
deviation of less than 0.1 %o. Percent oxygen for the HMW DOM fraction was
calculated by IRMS total response (m/z 28, 29 and 30) calibrated using adipic acid.

Results and discussion
Conversion to carbon monoxide
1R

To accurately determine the 8 O of an organic sample, the thermal decomposition of
the sample should quantitatively convert all oxygen to carbon monoxide. Sucrose,
which has been shown to convert completely to carbon monoxide (Werner et al., 1996),
was used to estimate the extent of conversion of natural organic matter oxygen to carbon
monoxide. Varying amounts of sucrose were measured by pyrolysis-EA-IRMS. A
relationship between the quantity of sample oxygen and IRMS response was determined
by comparing the accumulated signal (peak area) for m/z 28 of the sucrose to the amount
of oxygen calculated to be present in the sample based on its weight and molecular
formula (Fig. 3a). This relationship was then used to determine the amount of oxygen
present in the dried Suwanee River NOM samples. Plotting these measured oxygen
values and the amount of oxygen estimated by the weight percent oxygen in Suwanee
River NOM, a slope of 0.979 was obtained (Fig. 3b). Thus 98% of the Suwanee River
NOM oxygen was converted to carbon monoxide for samples between 0.13 and 1.54
mg.
Similar pyrolysis systems, run at temperatures of 1300°C (Genre et al., 2004) to
1400°C (Kornexl et al., 1999a), are used to measure 6 18 0 for water. Therefore, in this
system at 1200°C, the residual water in a sample can potentially pyrolyze to CO and shift
1R

the 8 O of the DOM. To determine whether residual water in a sample is a potential
contaminant, various masses of vacuum dried Suwanee River NOM were analyzed and
compared with Suwanee River NOM which had not been dried (referred to as undried).
The calculated percent oxygen, using IHSS elemental composition, for undried Suwanee
River NOM is 36.2% for organic oxygen only and 43.5% if the oxygen from water is
included. The percent oxygen, measured here, for both the dried and undried samples

16

(a)
_

•

0.6 -

•

c
O) 0.4 -

X
m

X

y

O

•

o
ho
1

Calculated

y

•

- /

nn

i
•
1
4.0x10'7
8.0x10"7

00

i

1

1.2x10"'

1.6x10"'

•

'

Peak Area (Amp*S)
(b)
0.6 0.5 E 0.4 -% 0 . 3 - |

CD

«J 0.1 -J
0.0

./

">—i—•—i—r~~\—•—r
0.0
0.1
0.2
0.3
0.4

0.5

0.6

0.7

Measured oxygen (mg)

Fig. 3. a) IRMS peak area plotted against sucrose oxygen calculated using sample
weight and molecular formula. The equation is y = 3.91*105x-1.05*10"4 (R=0.9999). b)
Measured oxygen, calculated using the sample peak area and the equation above, plotted
against calculated oxygen in Suwanee River NOM samples. The slope is 0.979 ±
0.00592 (R=0.9980).
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was 38.6 ± 0.6% indicating that the majority of the oxygen from water is not converted
to carbon monoxide. Also, the 18 0/ 16 0 values for the dried and undried samples were
within the standard deviation of the measurement. Therefore, while a small amount of
the residual water may have been converted to carbon monoxide, the effect on the
isotopic composition was not measurable.
While the Suwanee River NOM was nearly completely converted to carbon
monoxide, the benzoic acid did not consistently react quantitatively. The three benzoic
acids tested (IAEA-601, IAEA-602, and an internal reference) produced on average 92.5
± 4.1% of the expected amount of CO. The decline in conversion seemed to be
associated with the age of the column, although columns did not degrade uniformly.
While the extent of conversion varied, the isotopic ratio did not vary significantly,
indicating that there was little fractionation associated with this decreasing CO yield.
On the other hand, the dimethoxybenzoic acid routinely yielded excess CO averaging 110.9 ± 4.3% of the expected amount. There was little evidence of a memory
effect in the analyses (see below). One possible explanation for the excess CO observed
is an oxygen-rich contaminant; however the stability of the isotope ratio requires that the
contaminant be well-mixed through the reference.
Other products and memory effects
In the reaction chamber, an organic sample is initially thermally decomposed into a
number of oxygenated pyrolysis products including carbon monoxide, carbon dioxide,
carbon sulfide, nitrous oxide and water (Belcher et al., 1968). These are then further
reduced by the excess carbon in the column to form carbon monoxide. If sample oxygen
is not quantitatively converted to carbon monoxide, the residual oxygen must either form
other oxygenated pyrolysis products which leave the system undetected or be retained in
the reaction chamber. While the loss of oxygen as undetected pyrolysis products
potentially imparts a fractionation to a given sample, oxygen remaining within the
reaction chamber as surface complexes may desorb from the column as subsequent
samples are run. The shift in isotope ratio in later samples as a result of oxygen (from a
prior sample) leaching from the reaction column is referred to as a memory effect.
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The extent of formation of carbon-oxygen complexes on carbon surfaces depends on
the temperature, the pyrolysis products formed, and the residence time (Belcher et al.,
1969). Rhead and Wheeler (1910) showed that carbon dioxide preferentially adsorbs to
carbon surfaces forming high-carbon, low-oxygen complexes which decompose to
carbon monoxide at 1150°C; the conversion to carbon monoxide was close to
quantitative. Belcher et al. (1969) demonstrated the loss and subsequent release of
oxygen from carbon surface complexes by alternately pryolyzing benzoic acid, which
produces carbon dioxide, with acetanilide, which pyrolyzes to carbon monoxide. Within
the pyrolysis reactor of this system (at 1200°C), the structure of the glassy carbon
column and packing (Harris, 2004) makes it largely inert and minimizes the formation of
surface complexes but the nickelized carbon and accumulated ash provide carbon
surfaces on which C-0 complexes may form.
Evidence of C-0 complex formation is observed as a shift in isotopic value toward
that of the preceding sample although it may only be measurable between samples of
significantly different 5 18 0. Such a memory effect was present to varying extents in
most batches of samples analyzed. Several efforts were made to reduce this memory
effect. Chloropentane was added to the helium carrier gas to provide additional reactive
carbon (see Section 2.1). Blanks neither had a significant beam area nor changed the
isotopic value of the subsequent samples. Phenanthrene, a carbon-rich compound
containing no oxygen, was included in batches between samples to provide additional
reactive carbon in an attempt to scavenge residual oxygen from the reaction column; as
with the blanks, the phenanthrene did not change the isotopic value of the subsequent
samples. The memory effect was still observed.
In order to reduce the impact of this memory effect, a mixing model correction was
applied to the raw data. The correction assumed that the measured isotopic value of a
given sample was predominantly that of the isotopic value of the CO formed from that
sample, with a small amount from the preceding sample and a lesser amount from the
sample before that. That is,
Fm = xFs + yFp + zFpp

(1)

where F m is the measured isotopic fractional abundance for the current sample, Fs is the
isotopic fractional abundance of the current sample, Fp and Fpp are the measured isotopic
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fractional abundances for the last sample and second to the last sample respectively, and
x, y and z are the percentage inputs for each of the three samples (which add to 1). For a
given batch of samples, x, y and z were determined using Microsoft Excel Solver™ to
minimize the overall standard deviation of replicate samples (Fig. 4). Average values
are 93.5 ± 3.9%, 4.6 ± 2.6% and 1.9 ± 1.7% for x, y and z respectively. After applying
this mixing model correction, corrections for drift in isotope ratio due to order and
sample size were applied.
Given that carbon dioxide is the primary pyrolysis product of benzoic acid and that it
can form surface complexes before being reduced to carbon monoxide, benzoic acid is
not an ideal standard for pyrolysis systems based on CO. Efforts should be placed on
developing a set of standards, over a range of isotopic values, which primarily form CO
during pyrolysis.
Precision
Standards and samples were run in triplicate; however, the first replicate consistently
was significantly different from the last two replicates, likely due to memory effects.
Therefore, the first of each triplicate was removed after the mixing model correction was
made but before order and size corrections were made. Measuring DOM 5 18 0 by
pyrolysis-EA-IRMS, the average standard deviation for all sample duplicates was less
than 0.4%o. Kornexl (1999a) reported precision of 0.6%o for sucrose using an on-line
system most like the system described here. For organic mixtures, Farquhar et al. (1997)
measured 5 O of dried plant parts with a precision of 0.2%o yet reported day-to-day
18

shifts in 8 O that precluded comparison between batches. For pure substances, reported
precisions range from 0.2%o to 0.7%o for cellulose (Koziet, 1997; Saurer et al., 1998)
and 0.3%o to 0.9%o for sucrose (Koziet, 1997; Werner et al., 1996).
A freshwater periphyton sample (freeze-dried and ground) was included in all
batches to assess the long-term variability of the analysis. For 17 batches in a two-month
period, the standard deviation of the periphyton was 0.7%o (n = 35) after removing
outliers (n = 10) that were more than one standard deviation from the mean. Similarly
the long-term standard deviation for internal references was 0.4%o (Table 2).
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Effectiveness of removing inorganic interferences
Pyrolysis-EA-IRMS is also used for measuring the 8 18 0 of inorganic species,
including nitrate and sulfate (Kornexl et al., 1999a); therefore, it is critical to ensure that
oxygen-containing salts, of which sulfate is a major constituent, are removed during
sample preparation. To remove the salts using the stirred cells, the ultrafiltration
retentate is rinsed with aliquots of deionized water (referred to as dialfiltration).
Considering the removal of sulfate with successive rinses, the sulfate concentration
should be predicted by a dilution calculation,
C,V,=C2V2

(2)

where Ci is the starting sulfate concentration, initially calculated based on the salinity of
the sample; Vi is the volume of the concentrated sample (50 ml); V2 is Vi plus the
volume of additional water added (250 ml). Assuming any residual sulfate in the sample
is completely converted to CO during pyrolysis and interferes with the 5 18 0 of the
organics, the number of rinses required to lower the sulfate interference below the
precision of the 5 18 0 analysis can be calculated. Using salinity of 35 for a sulfate
concentration of 29 mM, 20%o for the organic matter 8 18 0, 9.7%o for sulfate 8 18 0 (Sharp,
2007 and references therein), 150 uM DOC concentration, 50% of the DOC retained in
HMW fraction, and 43% oxygen content the HMW DOM, six 250 ml rinses are required
to reduce the influence of the sulfate on the DOM 5 O to less than 0. l%o - below the
precision of the analysis (Table 3). These parameters are conservative for estuary and
coastal samples (compare with Table 4) but would need to be revised for oceanic
samples, due to a decrease in DOC concentration and retention of HMW DOC by
ultrafiltration in open-ocean locations. In addition, temperatures of 1400°C are required
for effective pyrolysis of sulfate (Kornexl et al., 1999a) and it is not likely that residual
sulfate would be converted completely to carbon monoxide in the system used here
(1200°C).
To confirm the removal of salts, Sargasso Sea water was diluted with ultrapure
deionized water as described above with conductivity measurements made after each
dilution. The conductivity decreased from 55.3 mS cm"1 for full strength seawater to 3
|xS cm"1 after 6 dilutions; therefore, the sulfate was reduced from 29 mM to 1.6 uM,
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which is slightly greater than the 0.6 uM predicted by the dilution calculation. The
deviation was likely due to the deionized water having a non-zero conductivity leading
to the sulfate concentration not remaining proportional with the conductivity. However
using the 1.6 uM sulfate concentration predicted by the conductivity measurements and
assuming the sulfate oxygen is quantitatively converted to CO, for fully marine samples
1 R

the DOM 5 O is impacted by no more than 0.3%o due to this residual sulfate.

Table 3. The dilution of sulfate during diafiltration is calculated based on the following
parameters: initial concentration volume is 50 ml, added DI volume is 250 ml, starting
salinity is 35 (29 mM sulfate concentration), DOM 8 18 0 is 20%o, sulfate 5 18 0 is 9.7%o,
DOC concentration is 150 uM, 50% of DOM is retained in HMW fraction, and HMW
DOM is 43% oxygen. Six rinses bring the 5 18 0 of the organic matter/sulfate mix to
within 0.1%o of the given DOM 8 I 8 0.

1

Initial sulfate
concentration
(mM)
29.00

Final sulfate
concentration
(mM)
4.83

2

4.83

0.806

10.6

3

0.806

0.134

13.6

4

0.134

0.022

17.8

5

0.022

0.00373

19.5

6

0.00373

0.000622

19.9

Rinse #

8 18 0 of Mix
9.9

The dilution calculation above was used to determine the number of rinses required
based on sample salinity and estimated DOC concentrations to reduce the sulfate
concentration. In addition to the salts, diafiltration also removes the low molecular
weight fraction of the organic matter. For low salinity samples, removal of the LMW
fraction dictates the number of diafiltration rinses required to obtain 5 O values on
HMW DOM. Using the parameters specified above (150 uM DOC with 50% retained
as HMW), for 0 salinity water, four 250 ml rinses are required to reduce the LMW
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concentration to 0.1% of its initial value, which is assumed to be sufficiently low as to
not affect the 5 18 0 of the HMW fraction.
Exchange with water during desalting
To accurately determine HMW DOM 5 18 0, sample preparation must preserve the
isotope ratio of the original sample. As oxygen has been shown to exchange between
water and algal organic matter (Wedeking and Hayes, 1983), the extent of exchange
between DOM and water in the context of diafiltration was considered by evaluating the
change in DOM 8 18 0 as a result of exposure to 180-enriched water. If exchange between
the water and the organics is significant, the change in DOM 8 18 0 with time will
describe the kinetics and the fractionation factor of the exchange. After being
reconstituted in 200%o H 2 18 0, the freeze-dried HMW DOM (starting with a 5 18 0 of
18.2%o) increased by 8.9%o after 72 hours (Fig. 4). The 0 hours sample, which took
approximately 20 minutes to prepare and flash freeze, increased by 2.9%o (from 18.2%o
to 21.1%o) indicating that a portion of DOM exchanges oxygen with water very quickly.
To scale this incorporation to what may actually be observed during diafiltration, the
amount of exchangeable oxygen was calculated by mass balance as
Ft = xFe + (l-x)F n

(3)

where x is the fraction of oxygen in the DOM that exchanges oxygen with water, Ft, Fe,
and Fn are the isotopic fractional abundances of the total, exchangeable and nonexchangeable fraction respectively. For the purposes here, the exchange is assumed to
be complete at 72 hours and Ft is the isotopic fraction at that time. A common
simplification is made by assuming that the exchange has no fractionation associated
with it (such as in Wedeking and Hayes, 1983), so Fe is the isotopic fraction for the
water; and finally Fn is the value for the starting DOM (18.2%o). Using these
parameters, 4.9% of the DOM exchanges oxygen with water after 72 hours. To estimate
the effect during diafiltration, the calculation was done in reverse by calculating Ft given
the fraction that exchanges (x = 4.9%) and the 5 18 0 of the water used for diafiltration (Fe
= -4%o). Ft is 17.1%o indicating there is a potential for a l.l%o shift (Fn - Ft) in DOM
8 O during diafiltration.
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Fig. 4. The change in DOM 8 18 0 (DOM 5 18 0 at time point minus initial DOM 5 18 0)
over time as a result of exchange between water with 8 18 0 of 200%o and dried HMW
DOM. Error bars represent 1 standard deviation and are less than the height of the
marker if not visible.

However, this calculated shift is a maximum value and the actual shift is likely
significantly less. First, dialfiltration is completed in less than 60 hours as opposed to
the 72 hours used in the experiment. Second the 8 18 0 of the DOM sample used for the
exchange experiment is one of the most enriched samples measured to date. More
typical samples would have a smaller difference between the water used for diafiltration
and the sample 8 18 0 leading to a smaller change in the DOM 8 18 0 due to exchange.
Finally, the experimental setup, which required reconstituting freeze-dried DOM, likely
led to more exchange than would have taken place under normal diafiltration. Prior to
freeze-drying, the DOM sample used in this experiment had a water 8 18 0 of -4.0%o; the
water used for diafiltration was -4.2%o. The addition of water with a 8 18 0 so similar to
the sample water cannot lead to the predicted shift of 1. l%o in the DOM 8 I8 0. Rather, it
is more likely that rehydrating the freeze-dried DOM enhanced exchange resulting in an
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overestimation of the exchange. However, even if the predicted shift of 1.1 %o is correct,
given that the diafiltration water 8 18 0 is the same for all samples, the worse case is a
18

uniform shift in DOM 5 O due to desalting.
Natural samples
For June 2006, DOC concentrations in the Nottoway River increased from 304 to
710 uM downriver (see Table 4). The HMW fraction retained by stirred cell
ultrafiltration was 85 ± 6% of the total DOC (DOC data are not available for the January
transect). For the HMW fraction, the percent oxygen of the HMW DOM mass was
comparable for both transects, with values of 45.0 ± 1.1% and 43.6 ± 0.7% in January
and June, respectively. The oxygen isotope ratio of water varied little over the transect
with averages of-6.7 ± 0.1 %o in January and -6.3 ± 0.2%o in June. Similarly 813C
remained constant for both transects with an overall average of-28.63 ± 0.13%o. The
average river flow measured at the USGS gauging station near Sebrell, VA (Site 4), over
the ten days preceding sampling was 1406 ± 230 and 361 ± 230 cubic feet per second for
January and June, respectively (http://waterdata.usgs.gov for gage 02047000 Nottoway
River near Sebrell VA).
For the Nottoway River in January, DOM 5 18 0 varied little over the extent of river
sampled with an average value of 9.2 ± 1.2%o (range of 7.7 - 10.7%o). The higher flow
rates may be responsible for mixing the DOM resulting in constant bulk measurements.
However in June, the 8 18 0 has a wider range, 4.7 to 10.9%o, and steadily became more
enriched downriver, except for Site 5. If exchange between water and DOM is primarily
responsible for the shift of DOM 8 18 0 along the transect, the difference between the
8 18 0 of the DOM and water (A18OooM-water) should vary minimally; however,

A 1 8 0 D OM-

water increases from 10.5 to 17.4%o downriver (Fig. 5). With the increase in DOC
concentration downriver, DOC is being formed autochthonously or added through
terrestrial input. With the downriver enrichment in DOM 818and concomitant increase in
1 O

A OooM-water, it is likely that the increase in DOC concentration is the result of added
i-J

i O

terrestrial input. Additionally with the 8 C remaining constant while 8 O varied over a
6%o range, different factors affect the cycling of carbon and oxygen in DOM.
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Table 4. Results for the Nottoway and Hudson River. HMW (%) is the fraction of total
DOC retained by stirred cell ultrafiltration. Oxygen (%) is the percent oxygen in the
HMW fraction as determined by the beam size on the IRMS. DOC samples for the
Nottoway in January broke during storage.
DOM 5 18 0
(%»)

Water
81!tO
(%»)

DOM
513C
(%«)

Nottoway River - January 2006
1
44.7 ± 0.2
2
45.3 ±0.6
3
43.5 ±1.0
44.8 ± 2.0
4
6
46.5 ±1.1

7.7 ±0.2
10.7 ±0.1
8.2 ±0.0
9.4 ± 0.2
9.8 ± 0.4

-6.7
-6.8
-6.7
-6.8
-6.5

-28.45
-28.59
-28.70
-28.54
-28.66

Nottoway River - June 2006
1
304 ± 20
82.5
2
369 ± 7
89.5
3
362 ±13
87.8
4
90.6
510± 16
5
75.7
575 ±10
6
710±11

43.2 ±0.5
42.3 ± 0.2
43.5 ±0.3
43.9 ±1.0
44.4 ± 0.2
44.0 ± 0.4

4.7 ± 0.3
6.1 ±0.2
8.5 ±0.3
9.8 ±0.2
5.8 ±0.1
10.9 ±0.2

-5.8
-6.2
-6.2
-6.2
-6.6
-6.6

-28.77
-28.67
-28.86
-28.67
-28.55
-28.46

47.0 ±0.8

5.8 ±0.2
6.9 ± 0.2
4.4 ±0.3
6.1 ±0.1
5.5 ±1.1

-9.0
-9.3
-8.6
-8.5
-7.9

-28.85
-28.02
-28.24
-28.36
-31.76

Site

Hudson
1
2
3
4
5

DOC
(HM)

River - July
343 ± 4
421 ± 9
417±8
391 ±11
319±5

HMW
(%)

2006
60.9
68.4
59.5
59.0

Oxygen
(%)

43.5 ±0.1
46.5 ±0.2
37.2 ±0.5

For the Hudson River, DOC concentrations generally decreased downriver with a
range of 421 to 319 uM (see Table 4). The HMW fraction retained by ultrafiltration was
62.0 ± 4.4% of the total DOC pool and the percent that was oxygen in the HMW fraction
is 43.6 ± 4.5%. The 813C for the 4 upriver stations averaged -28.37 ± 0.35%o indicating a
1 "X

very consistent terrestrial signal (Fry and Sherr, 1984), while 5 C for the most
downriver station was more depleted at -31.76%o. The water 8 18 0 has a range of-9.3 to
-7.9%0 and becomes more enriched downriver. DOM 5 O is fairly constant along the
river (average of 6.1 ± 0.6%o) with the exception of a depleted value at Site 3 (4.4 ±
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Fig. 5. The difference between the DOM 8 O and that of the water along the Nottoway
River transect (gray triangles - January 2006 data; black squares - June 2006 data).
The sites are all freshwater and roughly equidistant along the river, with site 1 being
most upriver. Error bars represent one standard deviation; if an error bar is not visible,
the standard deviation is less than the height of the marker.

0.3%o) which was located near a waste water treatment plant. A OooM-water ranges from
13.0%o to 16.3%o thereby having a larger isotopic range than the DOM; therefore, again,
the variation in DOM 8 18 0 therefore cannot be explained by the variation in water 8 18 0.

Conclusions
The contribution of DOM 8 18 0 analyses to our understanding of DOM cycling
appears promising. Initially, the isotope values span a reasonable range and do not
trend directly with the water 8 I8 0. For example, the 8 18 0 may provide insight into the
photochemical alteration of DOM by tracking the incorporation of dissolved oxygen.

27

Given that 5 18 0 does not co-vary with 8I3C, the addition of 8 I8 0 (as a tracer or in natural
abundance studies) in multiple isotope experiments adds another dimension for
investigating sources and sinks of DOM in natural systems. The factors influencing the
1 Q

shift in DOM 8 O are, at this point, purely speculative - shifts in physicochemical
factors may change the exchange kinetics, photochemical and microbial activity may
impart a fractionation on the DOM, or isotopically different point sources likely exist.
More research will be required to determine the significance of the changing DOM 8 , 8 0.
Analytically, DOM 8 O determination is largely dependent on sample preparation.
Pyrolysis-EA-IRMS requires a solid sample free of interfering oxygen-containing
moieties, most notably inorganic salts. While no ideal mechanism exists for
quantitatively removing salts from marine samples, ultrafiltration provides a means for
both concentrating the sample and removing salts; yet the extent of isotopic fractionation
of the 18 0/ 16 0 during ultrafiltration remains to be determined. In addition, it is unknown
how representative the 8 O of HMW DOM is of the total DOM pool in varying aquatic
systems.
Further development of a suite of internationally recognized standards will
1 R

strengthen the use of8'°Oof organic samples. Finally, the extent of exchange between
DOM and water as a function of change in phyiscochemical attributes, such as salinity,
pH and temperature, will be required to better interpret trends in the 8 18 0 of DOM.
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CHAPTER III
INSIGHTS INTO DISSOLVED ORGANIC MATTER
PHOTOCHEMICAL OXIDATION USING ls O-ENRICHED
DISSOLVED OXYGEN AND WATER

Introduction
Photochemical mineralization of dissolved organic matter (DOM) is a significant
sink for organic carbon in natural waters (reviewed in Mopper and Kieber, 2002), and
can be coupled with subsequent microbial uptake of labile photoproducts (Bertilsson and
Tranvik, 1998; Kieber et al., 1989; Moran and Zepp, 1997). Mopper et al. (2002)
suggest that, through abiotic photochemical (Miller and Zepp, 1995) and coupled
photochemical-biological degradation (Moran and Zepp, 1997), approximately 30% of
the 0.25 Gt of dissolved organic carbon (DOC) leaving rivers each year (Hedges et al.,
1997; Meybeck, 1982; Schlesigner and Melack, 1981) is remineralized to dissolved
inorganic carbon (DIC) and is either taken up by autotrophs or released to the
atmosphere.
Photochemical reactions lead to extensive alteration of the pool of dissolved organic
matter. These changes include the reduction of the average molecular weight (Opsahl
and Benner, 1998; Schmitt-Kopplin et al., 1998; Vahatalo et al., 1999) through
depolymerization (Argyropoulos and Sun, 1996; Crestini and D'Auria, 1997), and
production of low molecular weight (LMW) compounds (Bertilsson and Tranvik, 1998;
Kieber et al., 1990; Mopper et al., 1991). Photobleaching occurs when light absorbing
chromophores are destroyed when C-C bonds rupture, especially in conjugated systems
and aromatic rings, and the loss of intramolecular electron donor - acceptor interactions
resulting from depolymerization (Del Vecchio and Blough, 2004a; Opsahl and Benner,
1998; Xie et al., 2004). While coupled photochemical-biological degradation is a large
sink of organic carbon in aquatic systems, photochemical alteration may also result in
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Singlet oxygen
Superoxide
Peroxide
Hydroxyl Radical
Oxidized DOM,
CO and C 0 2
Hydroxyl Radical

Fig. 6. Cartoon depicting the cycling of oxygen in the photochemical alteration of
DOM. *DOM is the photochemically excited DOM.

the residual organic matter becoming more recalcitrant (Kieber, 2000; Obernosterer et
al., 2001; Tranvik and Kokalj, 1998).
Concomitant with the loss and alteration of dissolved organic carbon, dissolved
oxygen is photochemically consumed (Andrews et al., 2000; Xie et al., 2004; Zafiriou et
al., 1984), although many details of the numerous proposed mechanisms remain unclear.
Photochemically excited chromophores, predominantly in DOM, react with dissolved
oxygen to form reactive oxygen species, including singlet oxygen, superoxide,
peroxides, and hydroxyl radicals (or water, in the case of hydroxyl radicals; Blough and
Zepp, 1995). Some portions of these reactive species ultimately react with DOM to
produce DIC, carbon monoxide (CO), and LMW organics in addition to oxidized DOM.
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DIC, the dominant photoproduct, is photochemically produced from DOC through both
oxygen-dependent and oxygen-independent pathways (Amon and Benner, 1996; Miles
and Brezonik, 1981; Vahatalo et al., 1999; Xie et al., 2004). The ratio of dissolved
oxygen consumption to DIC production has been observed to range from 0.8 to 2.5
(Amon and Benner, 1996; Miles and Brezonik, 1981; Xie et al., 2004). The second
largest photochemical sink of dissolved oxygen appears to be the production of
hydrogen peroxide (Andrews et al., 2000). Peroxide, which is stable for hours to days,
can be formed at rates of 2 umol hr"1 in high DOC waters (Scully et al., 1996) before
ultimately degrading to dissolved oxygen and water primarily through biological activity
(Moffett and Zafiriou, 1990).
Mopper and Kieber (2002) suggest that the measured sinks of dissolved oxygen
exceeds its photochemical consumption. The changes of high molecular weight (HMW)
DOM 8 18 0 could provide insight in the role of dissolved oxygen during the
photooxidation. As the isotopic shift in a natural system is likely small, natural waters
were amended with 180-enriched water and 180-enriched dissolved oxygen and then
irradiated. The accumulation of the isotopic tracer in the organic matter provided
information regarding the source of oxygen involved in DOM photodegradation.

Methods
A series of 18 0 enrichment experiments were carried out to investigate the change in
DOM oxygen content through photochemical oxidation. Natural water from two sites
was exposed to stimulated sunlight in irradiation experiments. Irradiations of the natural
(unaltered) sample, the natural sample amended with 180-enriched water, and the natural
sample amended with 180-enriched dissolved oxygen were performed. These treatments
are referred to as Natural, H 2 18 0, and 1802, respectively.
Irradiations were performed with water from two Virginia rivers, diverse in DOM
sources: the Great Dismal Swamp and the York River. The Great Dismal Swamp,
sampled at the Portsmouth Ditch, is a freshwater, organic-rich system which has been
studied extensively (Johannesson et al., 2004; Minor et al., 2007; Minor et al., 2006a).
The Great Dismal Swamp DOM is highly colored and aromatic, and primary derived
from decaying plant material (Fimmen et al., 2007; Helms et al., 2008). In the lower
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Chesapeake Bay, the Pamunkey River joins the Mattaponi River to form the York River.
The sampling site, which will be referred to as the York River site, is located in the tidal
fresh region of the Pamunkey River just upriver of the confluence and is characterized
by freshwater marshes and modest allochthonous production (Sin et al., 1999). This site
has been used in a number of organic geochemistry studies (Hoffman and Bronk, 2006;
Neubauer et al., 2000; Raymond and Bauer, 2001a).
The amount of water required for each set of irradiations was calculated from the
expected DOC concentration to ensure at least 10 mg dried high molecular weight
(HMW) organic matter was collected by ultrafiltration after irradiation accounting for a
50% loss. For each site, sufficient river water was collected for all irradiations at the
beginning of the experiment. The water was sterile filtered (0.1 urn Whatman capsule
filters; previously cleaned with NaOH and methanol and rinsed with copious water;
blanks checked by DOC concentration) within 24 hours of collection. Due to logistical
restrictions, the irradiation for each treatment was conducted separately in the order Natural, H2180, and 1802. Water for the second and third treatments, which was filtered
following collection, was stored at 4°C until use and was refiltered prior to the start of
the treatment to minimize bacterial activity. Each treatment, including the irradiation
and ultrafiltration of the samples, took approximately a week.
For the amended treatments, either 180-enriched water or 180-enriched dissolved
oxygen was added to the refiltered natural sample the night before the start of the
experiment and allowed to equilibrate in a sealed, covered glass carboy to ensure
complete distribution of the isotopic label. For the H2 O treatment, a volume of 97
1R

atom-% or 98.2 atom-% O-enriched water (Icon Isotopes) was added to the natural
water to bring the 8 18 0 of the water (5180water) to an isotopic value of approximately
200%o. 5180water values were measured at each time point. For the l8 02 treatment, the
carboy headspace volume was determined (based on volume of water used) and the
masses of oxygen in the headspace and dissolved in the water of the closed carboy was
estimated assuming the system was in equilibrium. To the carboy, a volume of 23 atomic

18

0 2 was added (and measured by displacing the same amount of water) to bring the

dissolved oxygen 8 18 0 to a target value of 300%o. The actual 5 18 0 value of the dissolved
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oxygen was not measured and was estimated based on the difference in oxygen
concentrations between the Natural and 18C>2 treatments.
In each experiment irradiated samples and dark controls were placed in a solar
simulator. For the light-exposed samples, 500 ml round quartz flasks were filled without
headspace with sample water. Foil-covered Pyrex 500 ml flasks were used for dark
controls for oxygen consumption and DIC production. A foil-covered 2.5 L amber
bottle was used as a dark control for the remaining analyses. Flask samples were placed
on a rotating table (the 2.5 L bottles were stationary) within a solar simulator containing
12 Q-Panel UVA-340 bulbs (approximate integrated irradiance 25 W m~2), which
provides a spectral shape and flux closely approximating natural sunlight from 295 nm
to 365 nm, the main wavelength range for environmental photochemical reactions
involving DOM (Mopper and Kieber, 2000). The intensity of the light source was below
that of natural sunlight at wavelengths greater than 365 nm.
Samples were removed at 4, 12, and 24 hours (referred to as T4, T12, and T24). The
experiment duration was short to ensure dissolved oxygen did not become depleted in
the samples. At each time point, several flasks were removed from the solar simulator.
Separate flasks were sampled for dissolved oxygen and DIC concentrations and the
remaining water from each flask was combined to average any flask dependent
variations. Aliquots were then taken for the determination of DOC concentration,
818Owater, and photobleaching (by UV/Vis spectroscopy). The remaining water was
ultrafiltered using stirred cells to isolate the HMW fraction of the organic matter (OM).
At each time point, a portion (0.4 - 2.5 L) of the irradiated and dark control samples
was ultrafiltered by stirred cell (Amicon) to concentrate and isolate the HMW OM
fraction, that fraction which is retained by a 1 kDa regenerated cellulose membrane
(Millipore). After concentration, both the retentate and permeate were subsampled and
analyzed for DOC concentration to calculate HMW and LMW DOC retention by mass
balance. The HMW samples were rinsed with four 250 ml aliquots of deionized water
(> 18 MQ; Millipore Synergy 185) to remove any interfering oxygen-containing
inorganics and remaining LMW organics (Chapter 2). The resulting retentates were
freeze-dried and stored in a desiccator until analysis.
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The 5 18 0 of HMW DOM (5 18 OOM) was analyzed by pyrolysis - elemental analyzer isotope ratio mass spectrometer (pyrolysis - EA - IRMS) as previously described in
Davis and Dias (Chapter 1). Briefly, an elemental analysis (Europa) preparatory system,
modified to include a high temperature furnace (Hekatech), was coupled to a Geo 20-20
Isotope Ratio Mass Spectrometer (IRMS; Europa). A tube-in-tube design pyrolysis
reaction column was used (Kornexl et al., 1999a). It consisted of an outer AI2O3 ceramic
tube and an inner glassy carbon column held in place by stainless steel supports. The
glassy carbon column was plugged with a small amount of quartz wool then filled with
splintered glassy carbon and topped with 20 mg nickelized carbon. The amount of the
glassy carbon grit was adjusted to ensure samples were introduced to the hottest part of
the furnace. The pyrolysis column was held at 1200°C. A small reservoir of
chloropentane was plumbed in-line immediately preceding the autosampler to promote
quantitative conversion of sample oxygen to carbon monoxide (Kirsten, 1977).
Dried samples, containing approximately 300 to 500 (xg of oxygen, were prepared in
lightweight tin capsules and introduced to the pyrolysis column via a 66-position
autosampler. Helium, at 75 mL min"1, carried the CO produced in the pyrolysis reactor
through magnesium perchlorate and ascarite columns to remove residual water, and
halogens and acidic gases, respectively (Genre and Strauch, 2003). Before reaching the
IRMS source, the gas stream passed through a GC molecular sieve 5 A column (l/4"OD
PFTE x 2 m) at 75°C to separate N2 from the CO. The IRMS source was tuned to
monitor m/z ratios 28, 29, and 30 as m/z ratio 30 to 28 corresponds to the ratio of

l2

C,80

to 12 C 16 0. International Atomic Energy Agency benzoic acid standard, (IAEA-602) and
three internal references were used for calibration; the precision of sample replicates was
generally better than 0.4%o. All oxygen isotope ratios are expressed in delta notation
calculated as

slso=

f

RSample

1000

V RStd
where Rsampie is the ratio of 18 0/ 16 0 for the sample, and Rstcj is the same ratio for
VSMOW, which is 0.0020052 (Gonfiantini et al, 1995). The percent oxygen for the

(1)
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HMW DOM was calculated based on the IRMS response compared to response of the
standard.
1R

5 Owater samples were prepared, using an overnight equilibration between the
sample and a vial headspace composed of 1% CO2 in helium at 28°C, on a Gas Bench
Equilibrator and analyzed on a Thermofinnigan Delta Plus XL at Indiana University.
Two internal references, which had been previously calibrated to VSMOW, SLAP,
GISP, West Antarctic Ice Sheet water, and Greenland Water, were used for calibration.
Precision for natural abundance 5l80water was generally better than 0.1%o.
Concentrations of non-purgeable dissolved organic carbon were determined by wet
oxidation using the Aurora 1030W Total Carbon Analyzer. During analysis, samples
were initially purged with high purity helium to remove DIC and volatile organics; the
remaining organic matter was quantitatively converted to carbon dioxide, which was
measured by an infrared detector. Sucrose was used as standard. Average relative
standard deviation for DOC measurements was 2.4%. In addition to the irradiated
samples, concentrations for the HMW and LMW fractions were determined on the
ultrafiltration retentate and filtrate, respectively. These concentrations normalized by the
total DOC concentration were the percent high and low molecular weight fractions. The
sum of these fractions determined the recovery of the organic matter during
ultrafiltration.
DOC photochemical removal was calculated as the difference in concentration
between the irradiated sample (DOCirradiated) minus the dark control (DOCDark) at the
same time point divided by the number of elapsed hours (T) and normalized to the
amount of carbon in the same dark control (DOCoark) such that:
Consumption = D ° C l l T a d i a t e d ~ DOC D*rk
T x DOCDark

(2)

For DIC and dissolved oxygen measurements, irradiated samples and dark controls
were collected from duplicate irradiation flasks. Samples for DIC and dissolved oxygen
analyses were transferred under gas tight conditions from irradiation flasks directly into
pre-cleaned (10% hydrochloric acid), pre-rinsed (triple rinsed with Milli-Q and sample)
gas tight biological oxygen demand (BOD) bottles (60 mL, Wheaton).
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Dissolved oxygen concentration was measured using the direct photometric
adaptation of the Winkler (1888) method as described by Pai et al. (1993). Samples were
transferred from the irradiation vessels to BOD bottles (60 mL, Wheaton) for analysis.
The reagents, sodium hydroxide, sodium iodide, manganese (II) chloride hexahydrate,
and sulfuric acid, were ACS grade or better (Sigma-Aldrich). Total iodine (I2+I3) was
measured using an ABI 759A variable wavelength absorbance detector (Applied
Biosystems) set to 543 nm (isobestic point). Samples were gravity fed to the detector
through PEEK tubing. The assay was calibrated using primary standard grade potassium
iodate (Sigma-Aldrich). Ultra pure deionized water was used as the blank. The average
relative standard deviation of the dataset was 0.8%. Oxygen consumption was
calculated by the same method as DOC removal.
DIC concentration was determined using a flow through system similar in design and
analytical conditions to that of Kaltin et al. (2005). However, in place of Dosimats as in
Kaltin et al. (2005), a high precision pump (2510 HPLC pump; Varian) was used to
deliver sample at a constant rate with quantification by a non-dispersive infrared detector
(NDIR; LI-6252, LI-COR). Standards were prepared from reagent grade sodium
bicarbonate (Sigma-Aldrich) dissolved in pH 8 buffered (sodium borate; Sigma-Aldrich)
ultrapure deionized water. Samples were run in irradiated sample / dark control pairs
(i.e., measurement of T=x dark control was immediately followed by T=x irradiated
sample), minimizing potential drift and enabling accurate and precise measurement of
the small differences between light and dark samples (production rates 0.5 to 11 uM hr"
l

). Standard deviations for multiple DIC measurements of a single sample were routinely

less than 0.1 umol L"1. Standard errors on replicates taken from separate irradiation
flasks scaled with DIC photoproduction and are attributed to slight differences between
irradiation flasks and their positioning in the solar simulator. Comparing DIC
photoproduction rates for a given river water, across isotopic treatments, standard
deviations were always less than 14% (average 7.4 ± 1.4%).
Samples for light absorption spectral characterization were stored in the irradiation
flasks, kept in the dark and allowed to reach room temperature before processing.
Absorbance spectra were obtained using a scanning UV-visible, double-beam,
spectrophotometer (Kontron, Uvicon 923) with ultrapure deionized water as a reference
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beam blank. Samples were measured in 1 cm quartz cuvettes, cleaned with hydrochloric
acid (0.1 mol L"1), copious amounts of deionized water and then triple rinsed with
sample before use. Wavelengths from 250 to 800 nm were measured and corrected for
offsets due to scattering, particulate absorbance and instrument drift by subtracting the
average absorbance between 700 and 800 nm. Optical density (OD) at wavelength, A,
was converted to the Napierian absorption coefficient, a^, defined as
ax = (OD^ x in 10)//

(3)

where / is the optical pathlength of the cuvette (Hu et al., 2002).
Photobleaching, or the loss of light absorbing chromophores at 300 nm, was
calculated as a difference in the absorption coefficient for the irradiated sample and
corresponding dark control divided by the length of the irradiation and normalized to the
DOC concentration of the dark control. The T24 photobleaching rate was used here for
comparison with the other consumption and production rates. Two additional
parameters derived from UV/Vis spectra are used as indicators of DOM composition the slope ratio and specific UV absorbance. The slope ratio, SR, defined as the ratio of
the slope for the absorbance at wavelengths 275 nm to 295 nm to that of the slope for
wavelengths 350 nm to 400 nm based on the log-transformed absorbance spectrum, is
inversely related to the average molecular weight of the sample (Helms et al., 2008).
SUVA254, the Specific UV Absorbance at 254 nm normalized to DOC concentration (as
mg L"1), is used as proxy for DOM aromaticity and correlates linearly with 13C NMR
results (Weishaar et al., 2003).

Results
Spectral properties
The photobleaching rate, measured at 300 nm, for the Dismal Swamp sample (2.5e-7
m"1 mmol C"1 hr"1; Table 5) was twice that of the York sample (1.3e-7 m"1 mmol C"1 hr"1;
Table 5). For the Dismal Swamp, the absorption coefficient at 300nm was initially
reduced an average of 3.0 ± 1.2% at T4 with further reductions to 7.2 ± 1.1% at T24 for
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the three treatments (Table 6; Fig. 7), while for the York, the corresponding values were
7.7 ± 4.2% and 24.1 ± 3.8% (Table 7; Fig. 7).
SUVA254 values for all Dismal Swamp samples averaged 11.6 ± 0.2 L mg"1 m"1
(Table 6) compared to 2.0 ± 0.1 L mg"1 m"1 for all York River samples (Table 7). There
was no difference in SUVA254 values between Dismal Swamp irradiated samples and
dark controls, whereas the York River irradiated samples averaged 9% lower than the
dark controls. While SR for all Dismal Swamp T24 dark controls was 0.78 ±0.01,
irradiated samples for all treatments increased 12% at T24 to an average of 0.88 ± 0.02
(two sample T-test of independent n=3 samples, p < 0.004). Similarly, York River T24
irradiated samples had SR values of 1.10 ± 0.06 compared to 0.87 ± 0.01 for T24 dark
controls (two sample T-test of independent n=3 samples, p < 0.022). These SR values
are similar, both in magnitude and trend with irradiation time, with values published in
Helms et al. (2008).
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Table 5. Rates for photochemical processes: dissolved oxygen consumption, DOC
removal, DIC production, photobleaching, and oxygen incorporation. Irradiated and
dark control DOC concentrations were not statistically different for the York River
(Table 7); therefore no DOC removal rate could be calculated. Standard errors for the
slope of the linear regressions are given in parentheses.
Rate

Dismal

York River

Swamp
DOC Removal (umolC mmolC"1 hr"1)

1.9(0.3)

Dissolved Oxygen Consumption (umolO mmolC"1 hr"1)

2.7(0.1)

2.3 (0.6)

1.6(0.1)

1.0(0.1)

3.2 (0.2)

2.0 (0.3)

2.5e-7

1.3e-7

From water (|imolO mmolC"1 hr"1)

1.1

2.0

From dissolved oxygen (jxmolO mmolC"1 hr"1)

0.8

0.7

DIC Production
As carbon (umolC mmolC"1 hr"1)
As oxygen (umolO mmolC"1 hr"1)
1

1

Photobleaching at 300 nm (m-1 mmolC" hr" )
Oxygen Incorporation*

*Rates for oxygen incorporation are for the HMW fraction only. AH other rates are for total DOM.

8

02 Treatment
Init
Dark Controls
4 Hour
12 Hour
24 Hour
Light Samples
4 Hour
12 Hour
24 Hour

Init
Dark Controls
4 Hour
12 Hour
24 Hour
Light Samples
4 Hour
12 Hour
24 Hour

H "O Treatment

Natural Treatment
Init
Dark Controls
4 Hour
12 Hour
24 Hour
Light Samples
4 Hour
12 Hour
24 Hour

Dismal Swamp

22.5
24.9
25.5

75.6
73.3
72.9

3861 (26)
3741 (66)
3580(57)

Owater

75.6
72.6
76.1
73.1
73.5
68.4

3727(68)
3796(54)
3743(56)
3615(111)
3554(86)
3570 (30)

3697 (79)

26.5
27.7
37.6

24.4
20.6
26.5

25.1
18.1
28.5

16.7(1.3)
14.4(0.2)
21.6(0.5)
81.2(5.8)
177.3(0.5)
335.8 (2.0)

223
191
123

46.9 (0.6)
47.8(1.0)
47.4 (0.5)

46.5 (0.6)
48.1 (0.8)
46.8(1.5)

47.2 (0.7)
47.7 (0.0)
47.9(0.3)

19.2(0.2)
21.9(0.7)
26.7 (0.6)

267
275
269

180
140
96

-3.88
-3.89
-3.86

-4.01
-4.07
-4.16

-3.98

199.26
198.95
199.46

75.1
88.5
70.8

3805(26)
3789(71)
3672 (71)

49.2(1.1)
46.1 (0.4)
50.0 (0.3)

16.1 (0.6)
17.2(0.1)
18.8(2.8)

199.55
199.19
198.48

-4.08
-4.05
-4.19

-4.16
-4.09
•4.03

-4.15

(%o)

80.6
79.6
79.0

nd

47.9 (0.6)
45.5 (0.2)

46.1(0.4)
43.6 (0.4)
44.8 (0.9)

8

3866(31)
3854(51)
3856 (54)

17.3(0.1)
13.0(0.1)
14.9 (0.4)

15.6(0.1)
17.8(0.1)
15.0(0.0)

O
(%ofHMW)

203.28
229
229
232

198
148
89

237
237
242

(%„)

5 OoM

3874(89)
23.7
23.9
27.2

20.8
19.9
19.8

75.8
76.4
69.3

3905 (78)
3824(95)
3783 (26)

3949 (53)

Total DOC
HMW
LMW
Dissolved
(uM)
(% of Total DOC) (% of Total DOC) Oxygen (uM)

are given in parentheses.

279.65
271.94
265.33

288.20
287.57
289.29

291.00
284.49
280.02

297.16
298.38
300.00

299.20
292.18
286.85

309.14
310.06
310.42

(III-1)

#300

0.80
0.81
0.86

0.76
0.78
0.77

0.84
0.82
0.89

0.79
0.78
0.78

0.79
0.83
0.88

0.79
0.79
0.78

SR

11.66
11.68
11.44

11.51
11.30
11.46

11.40
11.25
11.51

11.37
11.44
11.43

11.52
11.78
12.12

11.63
11.87
12.06

SUVA254

(Lmg'm1)

on the log-transformed absorbance spectrum. SUVA254 is the absorbance at 254 nm normalized to DOC concentration (as mg L"1). Standard deviations

300 nm. SR is the ratio of the slope for the absorbance at wavelengths 275 nm to 295 nm to that of the slope for wavelengths 350 nm to 400 nm based

Table 6. Results for Dismal Swamp samples from natural, H 2 18 0 and 18 0 2 experiments. Absorbance (0300) is expressed as the absorption coefficient at

00

York
Natural Treatment
Init
Dark Controls
4 Hour
12 Hour
24 Hour
Light Samples
4 Hour
12 Hour
24 Hour
H 2 ' 8 0 Treatment
Init
Dark Controls
4 Hour
12 Hour
24 Hour
Light Samples
4 Hour
12 Hour
24 Hour
l8
0 2 Treatment
Init
Dark Controls
4 Hour
12 Hour
24 Hour
Light Samples
4 Hour
12 Hour
24 Hour
35.2
39.8
54.7

405
388
380

154.4(8.1)
387.9
655.8 (8.2)

45.8(1.2)
44.7
47.1 (0.8)

46.3 (0.6)
47.2 (0.5)
43.6(0.1)

-5.58
-5.40
-5.36
64.6
61.4
41.9

9.8 (0.6)
10.6(1.2)
19.6(0.4)

167.50
167.34
167.53

470(10)
470 (7)
459 (6)

406
401
389

43.3 (0.2)
43.9 (0.0)
45.1 (0.0)

167.58

-5.35
-5.28
-5.42
29.6
31.3
35.3

32.8 (0.7)
26.2(1.2)
29.2 (0.8)

45.4 (0.5)
44.4(0.1)
44.1 (0.1)

68.8
66.3
63.5

337
319
310

17.3 (0.3)
22.4 (0.8)
16.1 (0.4)

43.5 (0.3)
45.7 (0.4)
44.9 (0.2)

479(12)
479 (9)
470 (9)

52.6
43.2
43.4

340
326
324

7.5 (0.8)
6.6 (0.7)
3.7 (0.6)

-5.33

47.5
58.0
55.5

482 (8)
471 (13)
466 (9)

37.1
44.5
35.1

261
254
244

480(11)

65.2
55.6
64.0

474(10)
466 (9)
467 (8)

477 (5)

51.1
42.0
41.6

54.0
57.8
60.0

471 (12)
461 (10)
459(3)

5180Wat=,
(%o)

-5.35
-5.41
-5.23

44.8 (0.2)
43.7 (0.3)
41.5(0.8)

O
(%of HMW)

62.3
66.9
64.2

4.6 (0.4)
5.3 (0.2)
5.4 (0.6)

5 18 0 OM
(%o)

473(11)
465(15)
466(10)
266
264
263

Dissolved
Oxygen (uM)

-5.41
40.4
36.4
42.9

HMW
LMW
(% of Total DOC) (% of Total DOC)

459

Total DOC
(uM)

are given in parentheses.

5.46
4.98
4.41

6.11
6.15
6.14

6.05
5.32
4.75

6.21
6.34
6.25

5.81
5.39
4.94

6.22
6.23
6.23

0300
(m1)

0.96
1.06
1.17

0.87
0.86
0.87

1.08
1.11
1.06

0.89
0.90
0.87

0.95
1.04
1.07

0.84
0.83
0.86

SR

1.91
1.82
1.74

2.00
2.01
2.06

2.01
1.87
1.79

2.05
2.12
2.09

1.99
1.95
1.85

2.06
2.11
2.10

SUVA 254
(Lmg'ra 1 )

on the log-transformed absorbance spectrum. SUVA254 is the absorbance at 254 nm normalized to DOC concentration (as mg L"1). Standard deviations

300 nm. SR is the ratio of the slope for the absorbance at wavelengths 275 nm to 295 nm to that of the slope for wavelengths 350 nm to 400 nm based

Table 7. Results for York River samples from natural, H 2 18 0 and 18 0 2 experiments. Absorbance (a300) is expressed as the absorption coefficient at
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Fig. 7. Photobleaching expressed as the difference in absorbance coefficients between
irradiated samples and dark controls for (a) Dismal Swamp and (b) York River.

Error

bars denote one standard deviation; if error bars are not visible, the error is smaller than
the size of the symbol. (Natural treatment - black squares; enriched water - black
circles; and enriched dissolved oxygen - open circles).

42

Oxygen consumption and DIC production
Initial oxygen concentrations were not determined and therefore T4 dark control
oxygen concentrations are used as a proxy for those values (Tables 6 and 7; Fig. 8). For
the three treatments, the range of initial O2 concentrations was 229 to 267 umol L"1 and
266 to 406 umol L"1 for the Dismal Swamp and York samples respectively. For each
1R

site, the starting oxygen concentration was higher in the 02-enriched treatment
presumably due to the added volume of O2. The higher initial oxygen concentration in
the York H2 O-enriched treatment was possibly due to the stirring of the sample prior to
irradiation to distribute the added lsO-enriched water.
Oxygen was consumed over the duration of each irradiation. Dismal Swamp had the
largest decrease in dissolved oxygen concentration, averaging a 58% decrease in oxygen
over 24 hours. The York site showed more modest decreases with an average decrease
of 7.8%. However, because Dismal Swamp samples contain significantly more organic
carbon, the DOC-normalized oxygen consumption rates per unit carbon are comparable
between sites with 2.7 ±0.1 umol O mmol C"1 hr"1 and 2.3 ± 0.6 umol O mmol C"1 hr"1
consumed at the Dismal Swamp and the York sites respectively (Table 5). For the York
site, some oxygen was consumed in the dark controls with an average decrease of 3.1%
(range 0.9 to 4.7%). No oxygen consumption was observed in the dark controls for the
Dismal Swamp irradiations. As with oxygen consumption, DOC-normalized DIC
production was comparable between sites, with the rates being 1.6 ± 0.1 umol CO2
mmol C 1 hr"1 for the Dismal Swamp and 1.0 ± 0.1 umol CO2 mmol C"1 hr"1 for the York
(Table 5).
Change in organic matter
Initial DOC concentrations for each site were 3697 to 3949 umol L"1 and 459 to 480
umol L"1 for the Dismal Swamp and York River, respectively. For the Dismal Swamp
irradiations, the DOC removal rate was 1.9 ± 0.3 umol C mmol C"1 hr"1 (Table 5); the Tl
1 R

sample for the O2 treatment was suspected of being contaminated therefore that
treatment was excluded from this calculation. For the York, the loss of DOC was small
relative to the standard deviation of the analysis; therefore, the rate is not reported here.
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Fig. 8. Dissolved oxygen concentrations for irradiated samples for (a) Dismal Swamp
and (b) York River. Error bars denote one standard deviation; if error bars are not
visible, the error is smaller than the size of the symbol. (Natural treatment - black
squares; enriched water - black circles; and enriched dissolved oxygen - open circles).

44

(a)
4500 -i

4000 -4

3

3500 -

o
o
Q
3000 -

2500

10

'TIS

20

25

20

25

Irradiation Time (Hr)

(b)
500 -,

450 -1

3

400 -

o
o
D
350

300

T
0

10

15

Irradiation Time (Hr)
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The mass balance total of the high- and low- molecular weight fractions account for
on average 98.9 ± 4.6% (range 83.0% to 107.1%) of the sample carbon (Tables 6 and 7).
The percentage of carbon in the HMW fraction varied by site, on average, 75.4 ± 4.6%
and 59.9 ± 7.0% for the Dismal Swamp and York, respectively, which is comparable
with other freshwater sites (Mannino and Harvey, 2000a). The precision of the
ultrafiltration was estimated by the three T4 dark controls for each site. The estimated
standard deviation for the percent of organic carbon retained as HMW was 3.2%. There
was a small but consistent decrease in the HMW fraction for the irradiated samples,
consistent with previous studies (Engelhaupt et al., 2003; Helms et al., 2008). After 24
hours the average decrease in the HMW fraction was 7.3 ± 3.3% with the 1802-enriched
and H2180-enriched treatments having marginally larger decreases than the natural
treatment.
The percent oxygen for the HMW DOM was calculated based on the IRMS response
compared to response of the standard (Tables 6 and 7). While the instrumentation
precision was 0.5%, variations in sample handling, specifically ultrafiltration, directly
affect the percent oxygen. The precision of the percentage oxygen was estimated as
1.5% by considering the variation between T4 dark controls of all treatments for each
site. For all treatments at both sites, there was no discernable change in percent oxygen
of samples during the irradiation (using T-test for T24 irradiated treatments versus dark
controls - for Dismal Swamp, p = 0.88 that means are the same; for York River, p = 0.07
that means are the same). The percent carbon was similarly calculated for the Natural
treatment samples. The atomic 0:C ratio was calculated from the weight percentages.
Because the trends for the irradiated samples were variable and multiple replicates were
not performed, the average of the three time points was compared to the T24 dark
control. For both sites, the irradiated samples contain more oxygen than the dark
controls - 0.81 (irradiated) versus 0.75 (dark control) for the Dismal Swamp samples
and 0.93 (irradiated) versus 0.84 (dark control) for the York River samples.
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Fig. 10. 5 OOMforirradiated samples for (a) Dismal Swamp and (b) York River. Note
vertical scale breaks. (Natural treatment - black squares; enriched water - black circles;
and enriched dissolved oxygen - open circles).
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1 R

In all treatments, the 8 Owater at each site did not change with time (Tables 6 and 7).
The 8180water values for the natural and 1 8 0 2 enriched treatment were the same at both
sites, indicating that there was no isotopic exchange between dissolved molecular
oxygen and water. The 180-enriched water treatment had average 618Owater values of
199.7 ± 1.6%o and 167.4 ± 0.2%o for the Dismal Swamp and York River respectively.
1R

For the two sites, the natural treatment 8 OOM values decreased slightly over the
course of the irradiation, with average values of 15.6 ± 2.2%o and 5.9 ± 2.0%o for the
Dismal Swamp and York sites, respectively (Tables 6 and 7; Fig. 10). Irradiated
samples for the H2180 treatment showed a several per mil enrichment at all sites with
T24 values of 26.7%o and 29.2%0 for the Dismal Swamp and York, respectively. While
the dark controls for the H 2 18 0 treatment varied at each site, the average dark control
1R

•

8 OOM for each site was enriched over the dark controls for the natural treatment (17.4 ±
1.3%o versus 16.1 ± 1.5%o for the Dismal Swamp and 18.6 ± 3.4%o versus 5.1 ± 0.4%o for
the York). For the l8C>2 treatment, irradiated samples showed strong increases in

8 18 OOM

values with time. The T4 to T24 ranges for the Dismal Swamp and York are 81%o to
1 R

336%o and 154%o to 656%o, respectively. Dark controls showed a small

O-enrichment

in S18OOM compared to the natural values with T24 values of 21.6%o and 19.6%o for the
Dismal Swamp and York, respectively.
Oxygen incorporation
A mixing model was used to assess the relative contribution of oxygen sources to the
oxygen isotopic composition of the HMW DOM as a result of photochemical alteration.
For the equations, it was assumed that all oxygen in the HMW DOM had one of three
sources - the original organic matter, the dissolved oxygen or the water. Additionally, it
was assumed that the relative contribution of the three sources is the same for each
1R

treatment - that is, the change in 8 OOM between treatments is a result of the change in
1 R

8 O of the source water and dissolved oxygen only. For each time point (T4, T12 and
T24), these following equations were solved simultaneously:
F

H2180-DOMM

=

aF

H2180-DOMWlial

+

F

H2180_Water

+

C

H2l80-02

( >
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Fl8

0
DOM
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0
DOM
U 2 -DUM Initial

+ b F | 8

+ C F l 8

0

u

2-Water

(5)

0
O
U2-U2

1= a+b+c

(6)

where a, b, and c were the relative contributions of the sources of oxygen - the initial
DOM, the water and the dissolved oxygen, respectively. Each F (equations 4 and 5;
Table 8) was, for the specified treatment, the oxygen isotopic fractional abundance for
an analyte (initial DOM, final DOM, water or dissolved oxygen), which is calculated
from its isotopic ratio ( 18 0/ 16 0), R, by:
18

0

F=
16

0+

17

0+

18

1
* ——
O 1-R

(7)
K)

where R is calculated from 5 18 0 using R for the VSMOW standard, RStd = 0.002052
(Gonfiantini et al., 1995), using:
( X%

R

S Q
1000

^
• R*d
j

(8)

This fractional abundance calculation is an approximation as it excludes 17 0 which is
0.037% (Sharp, 2007) of all oxygen.
In using these equations, I assume that the pools of 180-enriched water and 1 8 0enriched dissolved oxygen, in their respective treatments, were sufficiently large to be
unchanged isotopically by the enrichment of the OM. As previously stated, 818Owater
values were constant over the course of the irradiation at each site. While the dissolved
ID

1 O

oxygen 5 O was not determined, the final dissolved oxygen concentrations (for O2
samples, minimum 123 umol L"1 for Dismal Swamp and 380 umol L"1 for York
samples) were sufficiently high to preclude any significant isotopic fractionation during
the irradiations.
The relative contributions of each oxygen source were determined for both the
irradiated samples and dark controls with the relative contribution due to photochemistry
estimated as the difference between these values (Table 9; Fig. 11). For the dark
controls, because there was less incorporation and the trends were less apparent, a linear
regression of 8 OQM versus time was used to estimate the overall trend.
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Table 8. These 8 18 0 values are inputs to equations 4, 5 and 6 to determine the relative
contribution of the original organic matter, water, and the dissolved oxygen to the
isotopic ratio of the final OM. The 8 Owater values are the average of the measured
values for the natural and

O2 treatment (see Tables 6 and 7).

Treatment
Natural

Initial OM
Water
02

H 2 ls O

Initial OM
Water

o2
18

02

Initial OM
Water
02

Dismal Swamp

York

(%o)

(%o)

15.6
-4.1
23.5

4.6
-5.4
23.5

15.6
203.3
23.5

4.6
167
23.5

15.6
-4.1
12794

4.6
-5.4
39222

Table 9. The relative contributions, as percentages, of three sources of oxygen (water,
dissolved oxygen, and the initial organic matter) to the total oxygen in the HMW DOM
for both the irradiated samples and dark controls at each time point calculated using
Equations 4, 5 and 6. The difference between the irradiated sample and its associated
control defines the change in oxygen attributable to photochemical oxidation of DOM.
Light
Site

Hour

H20
(%)

o2
(%)

Dark
Initial
OM
(%)

H20
(%)

o2
(%)

Initial
OM
(%)

Photochemistry
H20
Initial
o2
OM
(%)
(%)
(%)

Dismal Swamp

4
12
24

1.9
3.3
5.8

0.5
1.3
2.5

97.6
95.4
91.8

0.3
0.8
1.7

0.0
0.0
0.0

99.7
99.1
98.3

1.6
2.5
4.1

0.5
1.3
2.5

-2.1
-3.8
-6.7

York River

4
12
24

17.3
13.2
15.0

0.4
1.1
1.8

82.3
85.7
83.2

9.2
8.7
8.0

0.0
0.0
0.0

90.8
91.3
92.0

8.1
4.5
7.0

0.4
1.0
1.9

-8.5
-5.5
-8.7
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Fig. 11. For a) Dismal Swamp and b) York River, the difference in percent contribution
for each oxygen source (Light gray - DOM; dark gray with hash marks - water; black dissolved oxygen) between the irradiated sample and the dark control at each time point
as calculated using equations 4-6 with results shown in Table 9. The change in
distribution indicates the shift in oxygen source as a result of photochemical oxidation.
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In all cases, the initial DOM was the primary source of oxygen to the final DOM
(range of 82.3 to 99.7%; Table 9). For irradiated samples, while a significant amount of
oxygen was incorporated from water (1.9 to 17.3%) into the HMW DOM, the
incorporation into the York River DOM was significantly higher (13.2 tol7.3%) than the
Dismal Swamp DOM (1.9 to 5.8%). In dark controls, the incorporation of oxygen from
water into the HMW DOM varied between sites with the Dismal Swamp sample
incorporating less than 30% and the York incorporating more than 50% of the level
observed for the irradiated samples. No incorporation of dissolved oxygen in the dark
controls was observed from either site, while 0.5 to 2.5% of the oxygen of the irradiated
samples final DOM originated from dissolved oxygen.
In this calculation, the largest uncertainty was associated with the dissolved oxygen
isotope fraction, which was estimated by changes in dissolved oxygen concentration
(Table 9). For the York sample, if that fraction was allowed to vary by ±20%, the
contribution from dissolved oxygen due to photochemical processes ranges from 1.5 to
2.1%o. Similarly the most enriched

8 18 OOM

value, that of the York 1802 treatment, was

questionable due to lack of isotope standards in the appropriate range; if this value
varied by ±20%, the dissolved oxygen contribution due to photochemistry shifts from
1.4 to 2.1%o. The remaining isotope fractions, that of the water, natural dissolved
oxygen and organic matter, have smaller errors associated with them resulting in
insignificant changes to the relative contributions of water, dissolved oxygen, and the
initial organic matter.

Discussion
Photochemical alteration of DOM
Over the course of the 24 hour irradiations, the organic-rich Great Dismal Swamp
water lost up to 9 mol % of its DOC and 8% of its color (a3oo, m"1) with a 62% reduction
in dissolved oxygen, where as the York lost less than 4% of the DOC with a 8%
reduction in dissolved oxygen yet 32% of its color was removed during photochemical
exposure. For the Dismal Swamp, DIC production accounted for 85% of the organic
carbon loss, indicating most photochemically degraded organic carbon was completely
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oxidized; carbon monoxide and and LMW volatile organics purged during DOC
measurement would account for the remaining 15% of DOC consumed. While the
York's change in DOC with time is not statistically different (T-test for T24 irradiated
samples having sample mean as the dark controls for all treatments is p < 0.11), the DIC
production rate is a comparable at the two sites, indicating that most of the carbon loss
was attributable to DIC formation. The molar ratio of DOC to O2 consumption for the
Dismal Swamp was 1.4, somewhat higher than the value of 1.1 measured by Amon and
Benner (1996) although UV/A in their experiments was attenuated by 20% due to the
use Pyrex vessels. Ratios of dissolved oxygen consumed to DIC produced were 0.8 for
Dismal Swamp and 1.1 for York River; these values are higher than those observed by
Miles and Brezonik (1981) and similar to the results of Andrews et al. (2000). The
oxygen consumption rates, 2.7 ±0.1 umol O mmol C"1 hr"1 and 2.3 ± 0.6 umol O mmol
C"1 hr"1 for the Dismal Swamp and the York site respectively (Table 5), compare well
with humic freshwater systems 0.6 to 2.8 umol hr"1 (Amon and Benner, 1996; Miles and
Brezonik, 1981). The Dismal Swamp had higher DOC removal and absolute
photobleaching rates, but a lower photobleaching rate when compared to the York, most
likely as a result of the Dismal Swamps higher initial CDOM levels (absorption
coefficients).
Isotopic exchange between DOM and water
Incorporation of oxygen into organic matter can result from a number of processes photochemical and chemical oxidation, exchange between oxygen pools, and biological
activity. All samples here were filter sterilized and biological activity is therefore
assumed to be negligible. Isotopic exchange between oxygen pools is an equilibrium
process controlled by temperature and so should be comparable between irradiated
samples and dark controls. Also, chemical (non-photochemical) oxidation would be
anticipated to affect irradiated samples and dark controls similarly. Therefore, the
difference between the irradiated and dark controls is interpreted as being the result of
photochemical oxidation of the OM.
To isolate the affects of photochemical oxidation, the isotope shifts as a result of the
exchange of oxygen atoms between the OM and the oxygen atoms of water or dissolved
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oxygen were identified. There is no documented mechanism for oxygen exchange
between organic molecules and dissolved oxygen. Consistent with this, I observed no
shift in 8I8ODOM values in the dark controls of the 18 0 enriched treatment. Water
exchanges oxygen with carbonyl and carboxyl groups (Samuel and Silver, 1965) likely
by hydration and subsequent dehydration at a nucleophilic carbon (Bender et al., 1956;
Byrn and Calvin, 1966). However for larger complex compounds, such as those found
in natural organic matter, exchange rates of oxygen are slow due to stabilization of the
positive charge on the reactive carbon (Byrn and Calvin, 1966) and steric hindrance at
the exchange site restricting access by the water molecule. In experiments with
insoluble algal residues, Wedeking and Hayes (1983) estimated that 30% of the algal
oxygen would exchange with water with a exchange half-time of 150 years. Here we
see 8% of the HMW oxygen exchange within 24 hours for the York and 1.7% for the
Dismal Swamp. The difference in exchange between the sites likely results from
compositional differences of the DOM, including the distribution of oxygen
functionalities.
The York River T24 dark controls have almost five times the exchange as the
corresponding Dismal Swamp samples. This difference is likely a result of the York
HMW DOM containing more exchangeable carbonyl and carboxyl groups due to
reduced steric hindrance associated with a lower average molecular weight. Exchange
of oxygen between water and insoluble algal residues, including exchange associated
with the hydrolytic degradation of the residue, was favored at low pH (Wedeking and
Hayes, 1983). Typical pH values for the Dismal Swamp and York River are 3.6 and 6.6,
respectively; therefore, for the exchange to be higher for the York River sample, there
are either significantly more exchangeable carbonyl and carboxyl groups present, or the
steric hindrance is greatly reduced. The HMW fraction of total DOM is 12% lower for
the York River samples than for the Dismal Swamp samples. Similarly, the average SR
for the Dismal Swamp T24 dark controls was 0.78 versus 0.87 for the York River dark
controls indicating that the average molecular weight was lower for the York River.
SUVA254 values for Dismal Swamp T24 dark controls (12.1 L mg"1 m"1) were six times
those for the York River (2.1 L mg"1 m"1) suggesting that the York River DOM was
much less aromatic than that of the Dismal Swamp. Similar percentages of oxygen in
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the HMW fraction (Table 6 and 7) and lower aromaticity suggest that the York River
DOM likely contains relatively more carbonyl and carboxyl groups. The distribution of
oxygen moieties and lower average molecular weight together suggest less steric
hindrance for the York River samples, allowing oxygen to more readily exchange
between water and the HMW OM.
Oxygen incorporation during photochemical oxidation
While more oxygen from water is incorporated into the Dismal Swamp OM at T4
than for York OM, the rate of incorporation from both water and dissolved oxygen is
similar for the remainder of the irradiation (Table 9). This suggests that there is a small
pool of OM that quickly incorporates oxygen from water with photoexposure. For the
York, on the other hand, the oxygen from water was incorporated at roughly three times
the rate of dissolved oxygen (Fig. 11) for the duration of the irradiation. The linear
regression slopes for relative contributions of water and dissolved oxygen were
converted to rates of oxygen incorporation using the percent oxygen (Tables 2 and 3)
and carbon (35.9 ± 0.8% for York and 43.2 ± 0.4% for Dismal Swamp - determined by
IRMS peak area) for the HMW fraction. For the York, the incorporation rates are 2.0
umol O mmol C"1 hr"1 for water and 0.7 umol O mmol C"1 hr"1 for dissolved oxygen,
while the Dismal Swamp rates are 1.1 umol O mmol C"1 hr"1 and 0.8 umol O mmol C"1
hr"1, respectively (Table 5). The rates are normalized to the HMW carbon content to
allow comparison between sites.
While structural information is not available for the ultrafiltered HMW DOM at
either site, some insight into the compositional differences between the sites can be
obtained from UV/Vis data. For the Dismal Swamp samples, SUVA254 values were not
statistically different between irradiated samples and dark controls in all treatments
indicating no photochemical change in the aromaticity of the Dismal Swamp DOM
(Table 6). In order for the DOM to be photobleached at a rate of 2.5e-7 m"1 mmol C"1
hr"1 and SUVA254 to remain unchanged, the absorbance must have decreased
proportionally with the DOC concentration. Yet the average SR for the Dismal Swamp
increased 12% over the course of the irradiation, indicating a shift to lower average
molecular weights. For the York samples, while there was no trend in SUVA254 for the
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dark controls in any treatment, the irradiated samples decreased by 9% over the average
of the dark controls in all treatments, indicating a decrease in aromaticity (Table 7). The
SR for the York River samples increased 26% over the dark controls, indicating the
molecular weight also decreased during the photochemical oxidation.
Both Dismal Swamp and York samples were optically thick, that is the absorbance
was greater than 0.02 at 290 nm for a 10 cm pathlength (Leifer, 1988), resulting in
photo-attenuation within the reaction vessel. As a result the photochemical reactions
were likely light-limited and the rates for all samples are conservative values. With the
absorption coefficient (at 300 nm) being 50 times greater for the highly colored Dismal
Swamp samples than for the York River samples, the reaction rates for the Dismal
Swamp may be conservative in comparison to the York River rates but do represent the
in situ reaction rates.
The calculations for oxygen incorporation assume that there was no isotopic
fractionation associated with the incorporation of either water or dissolved oxygen. The
experimental design here did not allow for calculation of any fractionation and no data
exists from other sources to estimate what the fractionation may be. If a significant
fractionation exists, it would likely be a normal kinetic effect whereby the lighter isotope
( I6 0) reacts more readily and is thus concentrated in the OM. If this were the case, the
percent contribution from water and dissolved oxygen reported would be an
underestimate, making the incorporation rates and percentages conservative values.
Mass balance model
Using the Dismal Swamp data, a mass balance for carbon and oxygen was
constructed (Fig. 12; calculated from data in Table 6). All carbon and oxygen quantities
were normalized to 1 mmol of carbon in the starting organic matter. After irradiating for
24 hours, the amount of (non-volatile) organic carbon was reduced by 46 umol while 38
umol DIC was produced (1.2 OC:DIC). The remaining 8 umol of carbon was accounted
for by the production of volatile organics and carbon monoxide. Miller and Zepp (1995)
observed a C02:CO ratio of 20 for riverine and coastal samples; using this ratio 3.8 umol
C would be anticipated as CO which would be similar to the 80 nmol hr"1 (1.9 umol at

544 umol

Peroxide produced
29 umol O

CO and VOC produced
8 umol C (by difference)
8 itmol O ^maximum estimated)

in the initial sample.

calculated values as described in the text while values in regular font are measured. All values are based on 1 mmol of carbon

Fig. 12. Carbon and oxygen mass balance based on 24 hour irradiation of Dismal Swamp water. Italicized values are
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24 hours) observed for the Orinoco River (Gao and Zepp, 1998). The 8 umol sink was
therefore not unreasonable for CO and all low molecular weight volatile photoproducts.
To construct a partial mass balance for oxygen, it was assumed that the HMW DOC
atomic C:0 ratio could be used as an estimate of the LMW DOC C:0 ratio both pre- and
post-irradiation. After irradiating for 24 hours, 5 umol of oxygen was lost from the total
organic matter. Additional oxygen was consumed as dissolved oxygen and water; 65
umol of oxygen from dissolved oxygen was consumed with 19 umol accumulating in
the HMW organic matter. Similarly 26 umol of oxygen from water was incorporated
into the HMW fraction. DIC production would account for 76 umol of the oxygen
consumed and perhaps as much as 8 umol of oxygen would be converted to VOC and
CO (a maximum value based on the stoichiometry of CO). These estimates leave a
portion of the oxygen consumed (12 umol) was unaccounted for in the products.
However, considering the imprecision in the measurements and calculations (beginning
with the standard deviation of percent oxygen in the HMW fraction being 1.5%), this
unaccounted portion was within the error of the calculations.
While this appears to closely balance the oxygen budget for photochemical
(excluding any photochemical - biological coupling) oxidation of DOM, it excludes the
net formation of peroxide. Peroxide production, formed by the disproportionation of
superoxide (Petasne and Zika, 1987), has been shown to account for 45% of dissolved
oxygen consumption (Andrews et al., 2000) but a significant fraction of the dissolved
oxygen can be regenerated during the degradation of peroxide (Andrews et al., 2000;
Petasne and Zika, 1987). Moffett and Zafiriou (1990) used isotopic markers to
determine that biological catalases are responsible for 65-80% of peroxide degradation
with dissolved oxygen and water being produced equally. Generalizing from
cyanobacteria where these catalases are intercellular (Bernroitner et al., 2009), it is
assumed that since the Dismal Swamp samples were sterile filtered, the enzymatic
degradation of peroxide would be limited and the only sink for peroxide would be
photochemical oxidation at perhaps 5% of production (Moffett and Zafiriou, 1990). To
include peroxide in the oxygen mass balance, 45% (Blough and Zepp, 1995) of total
dissolved oxygen consumed (29 umol O) was allocated to peroxide formation and no
removal was included. The inclusion of peroxide created a deficit in reacting oxygen.
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The amount of oxygen derived from water (26 umol) was determined based on the
oxygen retained in the HMW fraction. This quantity was a minimum and could be
larger to accommodate the additional oxygen required for peroxide formation (this is not
to suggest that water is a reactant for peroxide formation - only that it contributes to the
overall pool of reacting oxygen).
The experiments presented here do not provide a means for determining the
mechanism for incorporating oxygen from water or dissolved oxygen into DOM.
Numerous pathways have been proposed that would explain the incorporation of oxygen
from dissolved oxygen into DOM (reviewed in Blough and Zepp, 1995). Less work has
been done to explain the incorporation from water. Two possible pathways are the
photo-catalyzed exchange of oxygen between DOM and water, and the formation of a
ROS from water and its subsequent incorporation in DOM. The only ROS observed to
form from water is the hydroxyl radical. Vaughan and Blough (1998) observed oxygenindependent hydroxyl formation in both Suwannee River fulvic acid solutions and
natural waters, supporting the speculation by Mopper and Zhou (1990) that hydroxyl
radicals could be formed during CDOM photolysis. Further evidence showed that the
photolysis of benzoquinone and substituted compounds would form hydroxyl radicals by
abstracting a hydrogen atom from water (Algeria et al., 1997; Ononye et al., 1986). The
subsequent reaction of the hydroxyl radical with CDOM has been observed in numerous
studies (Blough and Zepp, 1995 and references therein; Grannas et al., 2006; Pullin et
al., 2004).

Conclusions
This research shows the viability of employing 5 O determined by pyrolysis-EAIRMS as a tool for probing DOM characteristics. The current method is limited to
analyzing HMW DOM due to the use of ultrafiltration for isolation and removal of
interfering (inorganic) oxygen moieties. Ultrafiltration, as with all separation
techniques, has limitations and is prone to sorption to the membrane and variation in
inefficiency with salinity (as reviewed in Mopper et al., 2007). Validation of alternate
18

isolation techniques, such as C-18 resins, for preparing 8 O samples would allow
additional (albeit overlapping) fractions of DOM to be analyzed. Additionally this
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experimental design allowed only the quantification of water oxygen incorporated into
the high molecular weight fraction, and not DIC or LMW DOM, and therefore puts a
lower limit on the involvement of water as a source of oxygen.
The source of oxygen involved in the photochemical oxidation of dissolved organic
matter was probed through the novel use of O-enriched dissolved oxygen and water.
Through mass balance calculations, the contribution of dissolved oxygen and water as
oxidant of organic matter were calculated for two freshwater sites. Removing the
influence of oxygen exchange between water and DOM, 1.6 to 3.7 times more oxygen
from water than molecular oxygen was photochemically incorporated into HMW DOM.
A significant difference in incorporation between sites may have been due to differences
in aromaticity and molecular weight of the DOM.
Further experiments are required to probe the mechanism by which oxygen from
water is incorporated into DOM. While the formation of hydroxyl radicals from water
has been observed (Vaughan and Blough, 1998), the importance of this pathway may not
be fully appreciated and requires further research. By conducting similar isotope labeling
experiments, including the addition of quenchers specific to individual reactive species,
insight would be gained into the principal pathways. Also the extent to which
compositional differences affect the pathways involved in photochemical alteration of
DOM needs to be further investigated. With additional information regarding the
distribution and structure of DOM oxygen-containing moieties, changes over time and
differences between sites would provide information regarding the mechanisms
involved. Experiments including additional environment factors known to affect the
photooxidation of DOM, such as iron and nitrate concentrations, may help explain
variations in oxygen incorporation between sites (Minero et al., 2007; Molot et al., 2005;
White et al., 2003).
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CHAPTER IV
EVALUATING STABLE OXYGEN ISOTOPES OF DISSOLVED
ORGANIC MATTER IN THE CONTEXT OF A THREE MEMBER
MIXING MODEL
Introduction
Understanding the fate of terrestrial dissolved organic matter (DOM) in the global
ocean continues to be a major focus of biogeochemical research (Benner, 2004; Hedges
et al., 1997). With 0.25 Pg of dissolved organic carbon (DOC) delivered annually by
rivers to the coastal ocean (Meybeck, 1982) and an oceanic DOC reservoir of 700 Pg C
(Siegenthaler and Sarmiento, 1993), the residence time for riverine DOC is less than
3000 years. However, deep ocean DOM is significantly older than this predicted age
(Bauer et al., 1992). While oceanic DOM contains biomarkers particular to vascular
plants (Hedges et al., 1997; Meyers-Schulte and Hedges, 1986; Opsahl and Benner,
1997), the portion of terrestrially-derived riverine DOM that is present in the global
ocean remains unclear. It appears that the vast majority of the terrestrial organic matter
is removed in estuaries and the coastal ocean (Hedges et al., 1997; Mannino and Harvey,
2000b).
Estuaries are environments with shifting physicochemical properties, in which
terrestrial organic matter can be rapidly modified before reaching the coastal ocean.
Abiotic processes, such as photochemical degradation (Mopper and Kieber, 2002),
flocculation (Sholkovitz, 1976) and adsorption to minerals (Mayer, 1994), as well as
biological processes, such as direct release, direct uptake, sloppy feeding (Strom et al.,
1997), cell lysis (Agusti et al., 2001) and heterotrophic remineralization (del Giorgio et
al., 1997), can result in significant changes to the DOM pool during transport to the
coastal ocean. Furthermore, coupled abiotic and biotic processes may make iterative
changes to the DOM pool such as changing the bioavailability of photochemically
altered DOM (Moran and Zepp, 1997; Obernosterer et al., 2001).
Numerous analytical techniques, including stable isotopes, have been employed to
characterize the composition of DOM and the processes altering it. Carbon isotopes
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have been used to discriminate between autochthonous and terrestrial sources of DOM
(Loh et al., 2006; McCallister et al., 2006; Raymond and Bauer, 2001c). However, due
to the small range of 5 C in natural waters and significant overlap between sources, a
multiple isotope approach is desired (Bauer, 2002; Guo et al., 2003; McCallister et al.,
2004). Oxygen stable isotope ratios ( 18 0/ 16 0) of DOM have not been exploited, largely
due to analytical challenges. With the application of the continuous flow pyrolysis elemental analyzer - isotope ratio mass spectrometer (pyrolysis-EA-IRMS) system to
the determination of DOM 8 18 0 (Chapter 2, Komexl et al., 1999a; Werner et al., 1996),
this additional isotopic tracer can be used to investigate the biogeochemical cycling of
DOM.
Very little is known about the general variations in oxygen isotopes of organic
matter, with most research focusing on pure compounds, such as cellulose (Saurer et al.,
1997), ethanol (Calderone et al., 2006), vanillin (Koziet, 1997), and simple mixtures
such as whole olive oil (Angerosa et al., 1999; Breas et al., 1998) and dried plant leaves
(Cernusak et al., 2004; Farquhar et al., 1997). These works have linked the 5 ls O of the
organic material with the oxygen isotopic composition of the water present during
biosynthesis to distinguish geographic origins (Angerosa et al., 1999) or shifts in climate
(e.g., Helliker and Ehleringer, 2002).
The 8'°0 of an organic molecule is a function of the reactants, their isotopic values,
and the fractionation factors of the biosynthesis pathway. The main sources of oxygen
for biological products are water, molecular oxygen, and carbon dioxide, each with
representative ranges of 8 18 0 values, -10%o to 2%o, 23.5%o to 23.8%o, 40.3%o to 42.5%o
respectively (Schmidt et al., 2001). A small amount of oxygen is also likely to be
incorporated from nitrate and phosphate. Water has the largest oxygen isotopic range, 0
to -50%o for precipitation (Clark and Fritz, 1997), and varies by geography, with the
8 18 0 of precipitation being a function of latitude, altitude, distance from (evaporative)
source water, and extent of rainout (Gat et al., 2000). The isotopic range can broaden
further during biosynthesis, particularly for terrestrial plants; for example, leaf water in
1 R

plants is isotopically enriched in O by transpiration (Farquhar et al., 1998). Bulk
organic matter is an aggregate of many compound classes which are produced through
different biosynthetic pathways with different isotopic fractionations associated with
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each pathway (Schmidt et al., 2001); therefore, the range of 5 I 8 0 for bulk organic matter,
particularly as DOM, is not well constrained.
This research seeks to evaluate the variations in high molecular weight DOM 5 18 0
(5

OHMW)

for a temperate estuary by comparison with 8 C values and elemental ratios.

A conceptual model, which separates HMW DOM into three functional pools allochthonous refractory, allochthonous labile and autochthonous - is developed to
explain the observed concentration and 513CHMW data. The model is validated by mass
balance calculations. Ultimately this model is used to predict representative values for
8 I8 0HMW

for these three DOM pools.

Methods
Sampling site
The Delaware estuary is the third largest estuary in the United States and has been
the focal point of numerous biogeochemical studies (Del Vecchio and Blough, 2004b;
Mannino and Harvey, 1999; Mannino and Harvey, 2000a; Mannino and Harvey, 2000b;
Minor et al., 2001; Pennock and Sharp, 1986; Sharp et al., 1986; Sharp et al., 1982). In
addition to having a 35,000 km2 watershed (Sharp et al., 1986), which drains largely
agriculture lands, the upper estuary receives significant urban and industrial input from
Philadelphia (Pennsylvania) and Wilmington (Delaware), while the lower bay is fringed
by expansive marshes. The estuary can be treated as a one dimensional system (Sharp et
al., 1982), that is, the estuarine processes can be discussed with respect to position along
the length of the river, as most of the discharge is from the Delaware River with minimal
inputs south of the Schuylkill River (just downriver of Philadelphia) and there is little
evidence of significant horizontal chemical gradients across the bay (Sharp et al., 1982).
The estuary is well-mixed, with seasonal stratification only briefly occurring during
spring runoff (Sharp et al., 1986). Three zones exist along the length of the estuary: the
low salinity upper estuary, the turbidity zone, and Delaware Bay. The turbidity zone,
suggested to result from both tidal resuspension and flocculation associated with
gravitational circulation (Biggs et al., 1983), exists in the low salinity region (salinity
~5) downriver of the Schuylkill River confluence at a distance of 75 to 100 km from the

63

bay mouth (Pennock and Sharp, 1986). Above this zone, the upper estuary is net
heterotrophic based on apparent oxygen utilization measurements (Sharp et al., 1982)
although there is an increase in productivity here in the spring (Pennock and Sharp,
1986). An increase in methylated and deoxy-sugars in the HMW DOM in the upper
estuary suggests that this fraction is significantly bacterially degraded in situ or prior to
entering the Delaware river (Minor et al., 2001).
Below the turbidity zone, the bay is net autotrophic much of the year with a peak in
production in the spring following stratification induced by the spring runoff (Mannino
and Harvey, 2000b; Pennock and Sharp, 1986). In the lower estuary, production peaks
later in the summer (Pennock and Sharp, 1986). Throughout the bay, bacteria and
microflagellate biomass increases as primary productivity increases (Sharp et al., 1986).
Daily discharge rates for the Delaware and Schuylkill Rivers are available through
the USGS National Water Information System at http://waterdata.usgs.gov/nwis. Data is
used for the Delaware River gauging station located at Trenton, NJ and the Schuylkill
River station located near the confluence with the Delaware River (Philadelphia, PA).
Sample collection and preparation
The Delaware estuary was sampled from the limit of tidal influence, just south of
Trenton NJ, through the central channel to the bay mouth on three cruises aboard the R/V
Hugh Sharp (April 8-18, August 24-29 and October 12-23, 2006; Fig. 13). In April,
samples in the lower bay were collected with niskin bottles mounted on the CTD rosette
(CTD instrumentation included a 9 plus and 2-SBE04 conductivity sensors, 2-SBE03
temperature sensors, 1-SBE43 oxygen sensor, 1-FLNTU fluorometer / tranmissometer
(Wet Labs), and 1-C-Star transmissometer (Wet Labs)). For the low salinity sites in
April, and for all sites in August and October, water was collected from the underway
pumping system which was fitted with an AU-10 Fluorometer and a SBE45 temperature
and conductivity sensor. The flow system used Teflon tubing and was flushed
thoroughly before sampling.
For each site, 20 to 60 L of sample were collected in high density polyethylene
(HDPE) carboys which had been acid washed and well rinsed with deionized or distilled
water. The samples were immediately stored at 4°C. Particles and most bacteria were
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removed by gravity filtering the sample through 0.1 urn polyethersulfone (PES) capsule
filters (Whatman) within 12 hours of collection. The filters had been previously cleaned
with dilute HC1, followed by methanol and then rinsed with deionized water for 15
minutes.
818ODOM

analysis requires a dried sample free of interfering oxygen species such as

sulfate; therefore, sample preparation required concentrating and desalting DOM by
ultrafiltration (see Chapter 2). Samples were first processed by a tangential flow
ultrafiltration system equipped with a polyethersulfone (PES) 1 kDa cartridge
(Separation Engineering, Inc) to isolate the high molecular weight (HMW) fraction. The
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system was initially cleaned following the procedure of Guo and Santschi (1996). In
general, samples were processed in order of increasing DOC concentration. Between
samples, the ultrafiltration system was rinsed with at least 30 L of deionized or distilled
water. Blanks measured by UV/Vis and DOC concentration show negligible carryover
between samples. In a few cases where samples of lower DOC concentration were
processed following one of higher DOC concentration, the complete cleaning procedure
(Guo and Santschi, 1996) was performed between samples. Prior to processing a
sample, the membrane was conditioned with at least 4 L of sample.
Using the tangential flow ultrafiltration system, the HMW fraction was concentrated
to -2.5 L. Aliquots of both the retentate and filtrate were analyzed for DOC for mass
balance calculations. The remaining filtrate, the low molecular weight (LMW) fraction,
was discarded. The HMW fraction was further concentrated, to less than 100 ml, using
stirred cells (Millipore / Amicon) with 1 kDa regenerated cellulose membranes
(Millipore YM1). Again aliquots of the retentate and filtrate for the stirred cell
ultrafiltration were analyzed for mass balance calculations. Following concentration, the
retentate was desalted by diafiltration using 4 to 6 aliquots of 250 ml, depending on
salinity, of ultrapure deionized water (see Chapter 2). The HMW fraction was then
frozen and lyophilized. Dried samples were kept in desiccators until isotopic analysis in
order to prevent sample contamination from water adsorption. The HMW concentration
was calculated using the amount of carbon (umol) in the stirred cell retentate, as
determined by DOC analysis, divided by the total volume of sample ultrafiltered by
tangential flow. Due to logistical constraints, one sample was collected and ultrafiltered
per site.
Analyses
The 5 18 0 of HMW DOM (8180HMw) was analyzed by pyrolysis-EA-IRMS as
previously described in Chapter 2. Briefly, an elemental analysis (Europa) preparatory
system, modified to include a high temperature furnace (Hekatech), was coupled to a
Geo 20-20 Isotope Ratio Mass Spectrometer (IRMS; Europa). The pyrolysis reaction
column is a tube-in-tube design (Kornexl et al., 1999a), consisting of an outer AI2O3
ceramic tube and an inner glassy carbon column which is held in place by stainless steel
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supports. The glassy carbon column is plugged with a small amount of quartz wool then
filled with glassy carbon chips and topped with 20 mg nickelized carbon (Costech). The
amount of the glassy carbon chips is adjusted so that the samples are introduced to the
hottest part of the furnace. The pyrolysis column is held at 1200°C. A small reservoir of
chloropentane is plumbed in-line immediately preceding the autosampler to promote
quantitative conversion of sample oxygen to carbon monoxide (Kirsten, 1977).
Dry samples, containing approximately 300 to 500 ug of oxygen, were prepared in
lightweight tin capsules and introduced to the pyrolysis column via a 66-position
autosampler. Helium, at 75 ml/min, carries the CO produced in the pyrolysis reactor
through magnesium perchlorate and ascarite columns to remove residual water, and
halogens and acidic gases, respectively (Gehre and Strauch, 2003). Before reaching the
IRMS source, the gas stream passes through a GC molecular sieve 5A column (1/4" OD
PFTE x 2 m) at 75°C to separate N2 from CO. The IRMS source is tuned to monitor m/z
ratios 28, 29, and 30 as the m/z ratio 30 to 28 corresponds to the ratio of 12 C 18 0 to
12

C 16 0. International Atomic Energy Agency benzoic acid standard, (IAEA-602) and

three internal references were used for calibration (see Chapter 2); the precision of
sample replicates is generally better than 0.4%o. All oxygen isotope ratios are expressed
in delta notation calculated as
(R
c-18^ _

^Sample

V Rstd

\
__ •. *

1000

(1)

J

where Rsampie is the ratio of 18 0/ 16 0 for the sample, and RStd is the same ratio for
VSMOW, which is 0.0020052 (Gonfiantini et al., 1995).
8I3C and 515N values were determined for the HMW fraction by EA-IRMS on a
Thermo Finnigan Delta Plus XL at Indiana University. The standard deviations of the
analyses are 0.1 %o for carbon and 0.2%o for nitrogen.
Weight percentages for carbon, nitrogen and oxygen were calculated for the HMW
DOM using the IRMS total response calibrated using the standard's IRMS total
response. Molar ratios (N:C and 0:C) were then calculated from the weight percentages.
The mixing models (described later) are based on the fraction of organic carbon derived
from each end member. Therefore, the molar ratios are normalized by carbon (that is,
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N:C rather than C:N) so the fractional weight and the molar ratios are expressed in the
same terms (Perdue and Koprivnjak, 2007).
Samples for 5 Owater analysis were stored in Teflon wrapped 5 ml vials (Exetainer)
and refrigerated until analysis. The samples were prepared, using an overnight
equilibration between the sample and a vial headspace composed of 1% CO2 in helium
at 28°C, on a Gas Bench Equilibrator and analyzed on a Thermo Finnigan Delta Plus XL
at Indiana University. Two internal references, which had been previously calibrated to
VSMOW, SLAP, GISP, West Antarctic Ice Sheet water, and Greenland Water, were
1R

used for calibration. Precision for 8 Owater analyses was generally better than 0. l%o.
Concentrations of non-purgeable dissolved organic carbon were determined by wet
oxidation using an Aurora 1030W Total Carbon Analyzer (01 Analytical). During
analysis, acidified samples were initially purged with high purity helium to remove DIC
and volatile organic compounds; the remaining organic matter was quantitatively
converted to carbon dioxide and measured by infrared detector. Sucrose was used as a
standard. Average relative standard deviation for DOC measurements was 3.7%.
Results
Average discharge rates for the Delaware River at Trenton for the ten days preceding
each cruise were highest in October at 329 ± 53 m3 s"1 and lowest in August at 125 ± 11
m3 s"1 (USGS National Water Information System at http://waterdata.usgs.gov/nwis).
The April discharge rate was 173 ± 16 m3 s"1. The Schuylkill River, which is the second
largest source of freshwater to the Delaware River and merges with it south of
Philadelphia, averaged 18% (range 16-19%) of the flow of the Delaware during these
periods (USGS National Water Information System at http://waterdata.usgs.gov/nwis).
Other streams account for less than one percent of the Delaware River's discharge
(Wong and Munchow, 1993).
8180water values range from -8.60%o up estuary to -1.67%o at the bay mouth with
values being more enriched in August and October than April (Table 11; Fig. 14). The
measured values are consistent with USGS published data of -8.20%o for the Delaware at
Trenton in February 2005 and an average of-7.23%o over a three year period (December
1984 through September 1987) for the Schuylkill at Philadelphia
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Table 10. Results for Delaware estuary transects. Elemental ratios are molar ratios.
Standard deviations are given in parentheses (n = 3). The HMW percentages are percents
of total DOM.
Latitude

April
40.1380 W
39.5322 W
39.4102 W
39.3170 W

Longitude Salinity

DOC
(uM)

HMW HMW HMW HMW
DOC
C
N
(%)
(UM)
(%)
(%)

181 (4)
262 (5)
113(2)

39.1052 W 75.1963 N

0.1
4.5
11.0
16.6
19.0
25.1

August
40.1355 W
39.7778 W
39.7115 W
39.6250 W
39.5053 W
39.2000 W
39.0033 W

74.7542 N
75.4645 N
75.5090 N
75.5805 N
75.5382 N
75.2780 N
75.1447 N

0.1
1.0
2.9
5.6
10.2
20.4
28.4

152(6)
273 (6)
240 (6)
247 (6)
183(12)
136 (4)

51
80
64
66
49
47

October
40.1393 W
39.6563 W
39.6003 W
39.4025 W
39.3313 W
39.2392 W
38.9933 W

74.7352 N
75.5433 N
75.5660 N
75.5027 N
75.4210 N
75.3153 N
75.1317N

0.1
1.0
1.9
6.1
10.2
15.7
28.0

230 (4)
291 (4)
247 (3)
246 (8)
182(8)
162(4)
103(12)

54
71
56
44
40
26
12

74.7360 N
75.5460 N
75.5027 N
75.3955 N

HMW
O
(%)

HMW HMW
0:C
N:C

38.8
35.8
35.2
35.2

3.4
3.0
3.2
3.3

44.8 (0.3)
43.9 (0.2)
45.8 (0.4)
43.9 (0.0)

0.866
0.920
0.977
0.934

0.074
0.073
0.077
0.081

34
29
27
27
27
35

38.8
37.7
37.2
35.7
34.7
31.4
32.5

2.6
2.2
2.3
2.4
2.8
2.9
3.3

44.6 (0.)
46.1 (0.8)
44.8 (0.7)
48.8 (0.8)
44.2 (0.3)
46.6(0.1)
47.4 (0.3)

0.862
0.917
0.904
1.024
0.956
1.111
1.094

0.057
0.051
0.052
0.058
0.070
0.080
0.086

23
25
23
18
22
16
12

40.7
39.2
40.4
40.6
36.6
36.9
35.4

2.1
2.0
2.3
2.8
2.5
3.0
3.6

43.2 (0.5)
48.8(0.1)
47.5 (0.7)
47.6 (0.5)
46.5 (0.2)
47.4 (0.2)
50.6 (0.2)

0.795
0.934
0.882
0.880
0.953
0.964
1.072

0.045
0.043
0.048
0.059
0.059
0.069
0.087

65(6)
56(3)

(http://pubs.usgs.gov/of/2000/ofr00-160/). Two end-member mixing of marine and
freshwater between the bay mouth and the upper estuary is shown in Fig. 14 with the
data from the three transects. The April data matched well with the predicted mixing
line, while the October and August data were more enriched than predicted likely as a
result of preferential removal of 16 0 by evaporation (as reviewed by Gat, 1996).
DOC concentrations ranged from 291 to 56 umol L"1 generally decreasing with
increasing salinity (Fig. 15); the values and trend were similar to previously published
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Table 11. Isotope values for Delaware River transects. The 5 OHMW standard
deviations are given in parentheses. The precision of the analyses was 0.1%o for 513C,
0.2%o for 815N, and 0.1%, for water 8 18 0.
Salinity

(%.)

NHMW
(%o)

April
11.0
16.6
19.0
25.1

-24.3
-24.0
-22.7
-22.5

August
0.1
1.0
2.9
5.6
10.2
20.4
28.4
October
0.1
1.0
1.9
6.1
10.2
15.7
28.0

8

CHMW

8

8 0 W ater

8

OHMW

(%.)

(%.)

6.4
5.2
5.1
5.0

-6.3
-4.6
-4.1
-2.8

3.9 (0.2)
10.1 (0.7)
10.6(0.4)
13. (0.2)

-27.0
-27.4
-26.6
-26.4
-25.2
-22.8
-22.4

5.0
4.9
4.9
5.0
5.9
6.8
6.7

-8.0
-6.6
-6.4
-5.7
-4.8
-3.2
-1.7

4.9 (0.4)
6.7(0.1)
8.8 (0.)
7.1 (0.2)
10.4(0.3)
10.5(0.1)
9.8 (0.6)

-27.7
-27.3
-27.0
-25.9
-24.6
-23.1
-21.0

3.9
3.3
4.2
5.8
5.5
6.3
6.6

-7.9
-7.0
-6.7
-5.7
-4.8
-3.7
-2.1

6.6(0.1)
7. (0.3)
6.4(0.1)
6.3(0.1)
7.8 (0.2)
8.7 (0.5)
10.8 (0.4)

results (Del Vecchio and Blough, 2004b; Mannino and Harvey, 1999; Sharp et al.,
1982). For each sampling period, there was a sharp increase in DOC concentration
between Trenton NJ (S ~ 0) and south of Philadephia PA (S ~1) which was observed
previously (Mannino and Harvey, 1999; Sharp et al., 1982). Within this region there are
inputs from both the Schuylkill River, which discharges into the Delaware River just
south of Philadelphia, and urban and industrial inputs from Philadelphia. Minor et al.
(2001) observed a complex mix of hydrocarbons in DOM, which were attributed to
anthropogenic inputs, at all sampling sites downriver of Trenton NJ. DOC
concentrations were lower in April than August and October (range 262 to 56 umol L"1)
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1 R

Fig. 14. 8 Owater values plotted against salinity - April (black squares), August (gray
circles) and October (gray triangles). Lines represent two end-member mixing for
freshwater and marine values - April (black line) and August (dashed gray line). The
error of the measurement (0.1 %o) is smaller than the size of the symbol.

possibly due to the flushing of terrestrial DOM from the watershed during high
discharge periods in January and February (average discharge for those two months was
747 ± 410 m s" ). In August and October, DOC concentrations were higher and largely
conserved within the estuary as has been observed in both the Delaware estuary (Del
Vecchio and Blough, 2004b) and other estuaries (Mantoura and Woodward, 1983).
The average retention of HMW material, 23.9 ± 6.5%, for two-stage ultrafiltration
(tangential flow and stirred cell) was lower here than in published results for estuarine
samples processed by either tangential flow (Guo et al., 1996; Mannino and Harvey,
1999) or stirred cell ultrafiltration (Minor et al., 2006b). However the two-stage
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Fig. 15. DOC concentrations plotted against salinity - April (black squares), August
(gray circles) and October (gray triangles).

ultrafiltration approach used here, with its inherent biases (as reviewed in Mopper et al.,
2007), was necessary to both concentrate and desalt the sample sufficiently for the
5 I8 0HMW

analysis. The retained HMW fraction (as a percent of total DOC) varied with

salinity in October, as observed by Mannino and Harvey using tangential flow
ultrafiltration in the Delaware estuary (1999); however, the relationship with salinity was
less defined in October. A modest increase in the HMW fraction was seen at higher
concentration factors as previously observed (Benner et al., 1997).
For all transects, the molar N:C ratio for the HMW fraction increased with increasing
salinity (range 0.045 to 0.087) with a minimum observed at the site downriver of the
Schuylkill confluence (S ~ 1; Table 10; Fig. 16). The ratio was elevated in October at
low salinity sites yet above the turbidity zone (~ salinity 5) the ratios are similar for all
transects. The trend was similar to combined N:C results for >1 kDa and <0.2 \im
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Fig. 16. Molar N:C ratio for the HMW DOM plotted against salinity - April (black
squares), August (gray circles) and October (gray triangles). Error bars are less than the
size of the symbol if not visible.

fractions for a June 1996 transect of the Delaware estuary (Mannino and Harvey,
2000b), but the values were lower. Similarly, a N:C range of 0.056 to 0.135 (reported as
C:N values of 17.9 to 7.4) was observed in the York estuary, a tributary of the
Chesapeake Bay (McCallister et al., 2006). The upriver values here are close to the
upper limit of the N:C range (0.002 - 0.05) associated with vascular plants
(Hedges et al., 1997) suggesting only a partial vascular plant source. Previous
biomarker and DTMS studies of the Delaware estuary (Mannino and Harvey, 1999;
Minor et al., 2001) have shown sewage and other anthropogenic inputs in the low
salinity region, which have likely diluted the terrestrial organic matter signal. The
reduced N:C ratio in the river (S < 5), and somewhat elevated DOC concentration, in
October relative to August may result from higher terrestrial input with runoff associated

73

with the higher discharge in August. Below the turbidity zone, an increase in N:C ratio
results from the addition of autochthonous nitrogen-rich phytoplankton (Pennock and
Sharp, 1986) derived DOM with a theoretical N:C ratio near 0.143 (Redfield, 1958).
The molar 0:C ratio for the HMW fraction generally increases with increasing
salinity with a range of 0.8 to 1.1 (Table 10; Fig. 17). There is a large increase in the
ratio associated with the Schuylkill River input (between S 0.1 and 1) with the ratio
decreasing downriver of the confluence (between S 1 and 3; Fig. 17). The 0:C ratio is
greatest in August > October > April. The increase in 0:C ratio results from the percent
carbon in the HMW fraction decreasing steadily down estuary (40 to 30%) as the percent
oxygen remains constant (46.8 ± 2.6%). There is little published data for direct
comparison, therefore, comparing to other DOM isolates is necessary. C-18 extracted
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Fig. 17. Molar 0:C ratio for the HMW DOM plotted against salinity - April (black
squares), August (gray circles) and October (gray triangles). Error bars are less than the
size of the symbol if not visible.
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terrestrial DOM has a higher average 0:C ratio (0.42) than similarly extracted marine
DOM (0.35), as Koch et al. (2005) observed by elemental formula assigned to spectra
produced by high resolution Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS). The observed 0:C ratio for the HMW fraction is lower for
the full transect of the Delaware estuary than Koch (2005) observed by FT-ICR-MS for
mangrove porewater derived DOM. A possible explanation is that the HMW fraction is
oxygen-rich compared to the low molecular weight fraction . The International Humic
Substances Society prepared a predominantly terrestrial Suwanee River NOM reference
by reverse osmosis with 92.9% retention of the organic carbon (see the IHSS website at
http://www.ihss.gatech.edu). The atomic 0:C ratio for this sample is 0.61, still below
the ratio for the HMW fraction observed here, again suggesting that oxygen in enriched
in the HMW fraction of the Delaware DOM.
HMW

513CHMW

values become more enriched with increasing salinity, with a range

of-27.7 to -21.0%o with little variation between sampling periods (Fig. 18). A similar
trend is observed in the Delaware and other estuaries for both HMW DOM (Guo and
Santschi, 1997; Mannino and Harvey, 2000b; McCallister et al., 2006) and total DOM
(Raymond and Bauer, 2001a). The 8

CHMW values

are marginally more depleted and

have a larger range than those values (range -24.7 to -22.7%o) reported for the Delaware
by Mannino and Harvey (2000b).
Above salinity 20, 813CHMW values are largely constant with an average of-22.7 ±
0.9%o, which is comparable to oceanic

513CHMW

at -21.7%0 (Benner et al., 1997)

suggesting a marine source. The enrichment of 13C down-estuary is likely a result of
both the mixing of terrigenous and autotchthonous sources as well as the isotopic
enrichment resulting from combined photochemical and microbial degradation of OM as
observed in experiments with Satilla and Altamaha river water (Opsahl and Zepp, 2001).
As the sampling sites were located in the center channel of the bay and there is no
significant horizontal chemical gradients across the bay (Sharp et al., 1982), there is no
isotopic evidence of the extensive marshes in the lower bay being sources of DOM at the
sampling sites.
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For all transects 8 0 H MW increases with increasing salinity with a range of 3.9 to
13.0%o with no significant differences between sampling periods (Table 11; Fig. 19).
Given that sulfate is a potential interference for the 5180HMW analysis, the trend with
salinity could be a sign of contamination. However, the 5 18 0 value of marine sulfate is
8.9%o (Sharp, 2007) and would lower the 5 1 8 0 H MW of the higher salinity samples;
therefore the observed trend is not likely to be associated with sulfate contamination.
Few DOM 8 18 0 values have been published and are available for comparison. For a
freshwater transect of the Nottoway River (southeast Virginia), 8 OHMW values ranged
from 4.7 to 10.9%o downriver comparable to the values seen in the Delaware estuary;
while the lower Hudson River 8 18 0HMW values were fairly constant at 5.7 ± 0.9%o
(Chapter 2). For comparison, the 8 18 0 values for dry leaf matter of parasitic terrestrial
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Fig. 19. 5:18/OHMW values plotted against salinity - April (black squares), August (gray
circles) and October (gray triangles). Error bars are less than the size of the symbol if
not visible.

plants ranged from 21 to 33%o (Cernusak et al., 2004) and oil mixtures isolated from a
variety of terrestrial plants ranged from 16 to 24%o (Breas et al., 1998).

Discussion
Two end member mixing
As these are the first published data for 5 O for organic matter along an estuarine
transect, the most basic approach to interpreting data is to consider the 818OOM values in
the context of two end member mixing with comparison to other parameters. As the
Delaware River is the predominant source of freshwater to the estuary and there is
minimal lateral transport to the middle bay, the Delaware Estuary can be treated as a one
dimensional system (Sharp et al., 1982) with the mixing of freshwater and marine water;
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therefore from a physical perspective, the two end member model is not inappropriate.
Because of the large input of organic matter associated with either Philadelphia or the
Schuykill River (Mannino and Harvey, 1999; Sharp et al., 1982), including that point
source in the mixing discussion only complications the analysis; so the salinity 1 site,
just downriver of the Schuylkill River confluence, will be treated as the freshwater end
member. The mixing discussion also excludes the April transect as its dataset is
incomplete.
DOC concentrations are largely conserved through the estuary for both the August
and October transects (Fig. 20). The conservative mixing line is a linear regression of
each data set, rather than a line between end members, to remove emphasis from the
higher salinity region which had fewer sampling sites-. The R values for the linear
regressions are 0.97 and 0.96 for August and October DOC concentrations respectively
(p < 0.007 for August; p < 0.003 for October). Conservative mixing through the
Delaware estuary has been previously observed (Del Vecchio and Blough, 2004b; Fox,
1983; Sharp et al., 1984). The HMW DOC is also conservative (Fig. 20), with R values
for the linear regressions of 0.86 and 0.95 for August and October HMW DOC
concentrations respectively (p < 0.065 for August; p < 0.004 for October). While
Mannino and Harvey (1999) report non-conservative mixing in total DOC concentration,
the sum of their high molecular weight fractions (1 kDa - 30 kDa and 30 kDa to 0.2 urn)
behave conservatively in the salinity range discussed here. The sum of these fractions is
comparable to the HMW DOC (1 kDa - 0.1 urn) data presented here.
The N:C molar ratios for the HMW DOC is conservative through the estuary for
both August and October transects (Fig. 21; R values are 0.979 and 0.985 for August
and October respectively; p < 0.004 for August and p < 0.0004 for October). The 0:C
molar ratios for August and October tend to mix conservatively but have larger
deviations from the mixing line (Fig. 22; R values are 0.865 and 0.908 for August and
October respectively; p < 0.060 for August and p < 0.015 for October).
In October, the low salinity end member (S ~ 1) is somewhat removed from the
conservative mixing line for the DOC concentrations and molar ratios. The low salinity
end member was set to the site downriver of the Schuylkill River and urban Philadelphia
(S = 1) to include the DOC from those sources in the riverine end member; however, in

78

Salinity

Salinity

Fig. 20. DOC (black squares) and HMW DOC (gray triangles) for (a) August and (b)
October transects. The linear regression lines represent conservative mixing for each
dataset (fit statistics are discussed in text). For August DOC slope is -6.9 ±1.0 and yintercept is 271.4 ± 10.9 (R = 0.969; p < 0.007); for August HMW DOC, the slope is 1.5 ± 0.5 and y-intercept is 73.3 ± 5.5 (R = 0.860; p < 0.065); for October DOC, the
slope is -6.5 ± 0.9 and y-intercept is 273.3 ± 13.0 (R = 0.962; p < 0.003); and for
October HMW DOC, the slope is -2.0 ± 4.6 and y-intercept is 62.0 ± 4.6 (R = 0.950; p <
0.004). Error bars are less than the size of the symbol if not visible.
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Fig. 21. N:C molar ratios for (a) August and (b) October transects. The linear
regression lines represent conservative mixing for each dataset (R values are 0.979 and
0.985 for August and October respectively; p < 0.004 for August and p < 0.0004 for
October). Error bars are less than the size of the symbol if not visible.
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Fig. 22. 0:C molar ratios for (a) August and (b) October transects. The linear
regression lines represent conservative mixing for each dataset (R values are 0.865 and
0.908 for August and October respectively; p < 0.060 for August and p < 0.015 for
October). Error bars are less than the size of the symbol if not visible.
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October, between the salinity 1 and 1.9 sites, there is an appreciable removal of both
total DOC and HMW DOC. This HMW fraction removed is high in oxygen and low in
nitrogen. From these parameters, it appears that a portion of the organic matter input
through Philadelphia or the Schuylkill River confluence is rapidly removed before
salinity 1.9. For the October transect, if the salinity 1.0 site data is excluded, the R
values for the linear regressions for salinity range 1.9 to 28.0 increase to 0.97 for DOC
concentration, 0.98 for HMW DOC concentration, 0.99 for N:C molar ratio and 0.98 for
0:C molar ratio. Above salinity 1.9, the parameters mix conservatively between the
source water at salinity 1.9 and the lower bay site at 28.0 suggesting that physical mixing
is the primary process affecting the DOM distribution. Therefore when considering the
mixing for isotope values, the low salinity end member is the salinity 1.9 site for the
October transect while the salinity 1.0 site remains the low salinity end member for
August.
For DOC isotope values, conservative mixing is given by a curve rather than a line
as the mixing value is normalized by the HMW DOC concentration, which decreases
linearly, along the transect (Spiker, 1980). The formula is:
_fRRCR+(l-f)RMCM
*-Mix

where RR,

RM

and RMJX are the isotope values for the river end member, the marine end

member and the intermediate sample; CR,

CM

and CMJX represent the DOC concentration

values for the same three samples; and f is the fraction of river water in the intermediate
sample based on salinity. Using the conservative mixing lines for the HMW DOC
shown in Fig. 20, the conservative mixing curves for 8 C and 8 O were calculated.
1 "\

In both August and October, the 8

CHMW values

fall above the conservative mixing

curve, suggesting that the values are more enriched than predicted by mixing alone (Fig.
23). The August data, with a maximum salinity value of 20, more closely matches the
conservative mixing curve, while the October data, which includes data S 28, is
significantly removed from the mixing line. Also, because the plot of 8

CHMW

versus

salinity reached a plateau in the lower bay (Fig. 18), it is possible that the two end
member mixing, based on 813CHMW, is complete at a lower salinity. To explore this
possibility, the salinity of the marine end member was reduced until a best fit was

82

achieved between the conservative mixing curve and the measured transect data. The
best fit was determined by minimizing the square root of the sum of the squares (RSS)
for the difference between the measured value and the value predicted by the
conservative mixing curve. For 813CHMW, the best fit was achieved when the marine end
member salinity was reduced to 16.7 for the August data and 18.4 for the October data.
The RSS between the measured values and the conservative curve was reduced from
0.8%o to 0.4%o in August and 3.8%o to 0.7%o in October. Using the calculated salinity for
the marine end member, the 5

CHMW values

and conservative mixing curves for August

and October are shown in Fig. 24.
Using the same process for

8 15 N H MW

(Table 12), this isotope exhibits the same trend

of two end member mixing being achieved by mid bay.
Finally, the 5 18 0HMW is primarily enriched relative to the conservative mixing curve
(Fig. 25); however, the deviation from the curve is larger for 518OHM\vthan for the other
isotopes. For October, a salinity of 20.2 (Table 12) minimizes the deviation between
the measured 8

OHMW and

the conservative mixing values (Fig. 26).

Table 12. Marine end member salinity required to minimize the deviation, expressed as
square root of sum of the squares (RSS), between the measured value and that predicted
by conservative mixing.

Isotope
August
5I80
SnN
6 IJ C (HMW)
October
8,80
8nN
81JC (HMW)

Modified marine end
member salinity

Original RSS

Modified RSS

(%o)

(%o)

11.1
17.2
16.7

3.02
0.43
0.84

1.93
0.34
0.44

20.2
15.8
18.4

2.13
2.66
3.80

0.69
1.22
0.65
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Fig. 23. 513CHMW data and conservative mixing curve (solid line) for (a) August and (b)
October transects. The August data for the lower bay (S 28) is excluded because the
data for DOC concentration and fraction HMW were lost during analysis; as a result of
only have data through S 20, the August data may appear more conservative. Standard
deviation for 513C analyses is 0.2%o.
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Fig. 24. 813CHMW data and conservative mixing curve (solid line) using a modified
marine end member with measured 513CHMW value and modeled salinities of (a) 16.7 for
August and (b) 18.4 for October. The marine end member is shown in gray to denote
that the salinity is modeled data rather than measured. Standard deviation for 813C
analyses is 0.2%o.
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Fig. 25. 8 OHMW data and conservative mixing curve for (a) August and (b) October
transects. Error bars are less than the size of the symbol if not visible.
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Fig. 26. 5 18 0HMW data and conservative mixing curve using a modified marine end
1 R

member with measured 8 OHMW value and modeled salinities of (a) 11.1 for August and
(b) 20.2 for October. The marine end member is shown in gray to denote that the salinity
is modeled data rather than measured. Error bars are less than the size of the symbol if
not visible.
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The isotope data suggest that, in both August and October, two end member mixing
is achieved by mid bay. The isotopic mixing appears to be uncoupled from the
conservative mixing of the DOC concentration and molar ratios. If the source of the
organic matter gradually shifted, such as from terrestrial input to microbial products,
without a net change in the DOC concentration, this type of uncoupling would be
observed. While the mixing appears complete for

513CHMW

and 8 15 N H MW at

approximately the same salinity lends support to this type of transition of source;
however that the 818OHM\vdata has more scatter suggests that additional processes may
be affecting the oxygen of the organic matter, perhaps photooxidation or isotopic
exchange with the water.
Conceptual model
To explain the observed data, a conceptual model is employed, in which the DOM in
the estuary can be considered to be composed of three distinct pools: allocthonous
labile; allocthonous refractory; and autotchonous. For the discussion here, allocthonous
OM is assumed to be terrestrial and anthropogenic organic matter introduced upstream
of the salinity 1.0 site (Minor et al., 2001) and is carried into the estuary from external
sources. Because there is minimal fresh water discharge below the Schuylkill River, it is
assumed that there is also no significant source of allocthonous OM input within the
estuary. This assumption is supported by the conservative mixing of DOC
concentration. The allocthonous OM is subdivided into two fractions, labile and
refractory, based on its reactivity within the estuary. The labile fraction is removed from
the organic matter pool within the estuary either by remineralization through bacterial
degradation, photochemical alteration, and/or by aggregation and sedimentation. The
refractory portion may be chemically altered by biogeochemical processes within the
estuary but remains in the DOM pool throughout the estuary. Finally the autochthonous
component is that DOM fraction that originates within the estuary from primary
production.
For the DOC concentration and molar ratios to appear conservative, the net
biogeochemical processes within the estuary must balance the removal of allocthonous
labile OM with the increase in the autochthonous fraction. Previous fieldwork observed
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the chlorophyll maximum mid-bay near salinity 15 supporting the proposed increase of
autochthonous OM (Pennock and Sharp, 1986). For the mixing models presented
earlier, the high salinity end member is not fully marine; the DOC concentration is too
high for a marine sample and the N:C molar ratio is low (Benner, 2002). Therefore, the
high salinity end member is combination of autochthonous and allocthonous OM as
shown in Fig. 27. The observed DOC concentration at salinity 28 (103 uM) is 27%
higher than a typical coastal DOC value of 75 uM (Del Vecchio and Blough, 2004b).
Considering the 5 CHMW, the change in concentrations for the refractory
allochthonous and autochthonous pools without a change in isotopic value suggests that
the isotopic values of these pools are similar. With this assumption, the transition
between labile allochthonous and autochthonous OM upstream of salinity 18 satisfies the
conservative mixing in the low salinity range. The predominance of autochthonous OM
above salinity 18 explains the marine isotope signal observed.

Allocthonous Refractory
Salinity

Fig. 27. A conceptual model of the change in proportions of the organic matter pool
with salinity.
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In an attempt to use the model to explain both the HMW DOC concentration
813CHMW

and N:C data, simple mass balance equations were used to describe the

pool at any salinity:
1 = f L + f R + fA
R

Mix = f L R L + f R R R + f A R A
NMJX

=

ILRL

+ fRRF + f\ R A

where f is the fraction of OM in each pool - labile (L), refractory (R) and autochthonous
(A). R is the isotope value for that fraction respectively. N is the N:C molar ratio for
that fraction respectively. fR, fL, fA R R, RL> R A, N R , N L , and N A are unknowns that are
constrained to a range of values as follows (refer to Fig. 27):
•

The refractory pool is between 10 and 40% of the HMW DOC and the
percentage remains constant throughout the estuary.

•

The autochthonous concentration is no more than 10 uM at the low salinity end
member.

•

Based on the conservative mixing of 8 C, the allocthonous labile fraction
decreases linearly to 0 uM at salinity 16.7 in August and 18.4 in October.

•

The 813C values for each pool within these ranges: -25%o to -29%o for the labile
pool, -19%o to -24%o for the autochthonous pool (Bauer, 2002; Fry and Sherr,
1984), and -20%o to -28%o for the refractory pool. The large range assigned to
the refractory pool leaves the variable largely unconstrained.

•

The N:C molar ratio for each pool is constrained to be within these ranges : 0.002
to 0.067 for the labile and refractory pools (de Leeuw and Largeau, 1993; Hedges
et al., 1997), and 0.083 to 0.25 for the autochthonous pool (Hedges et al., 1986;
Redfield, 1958).

For the salinity at each sampling site, a value for RMix and NMix is calculated based
on a set of test values for the unknown parameters (that is, a value for fR, fL, fA, RR, RL,
RA, NR, N L , and NA) that meet the constraints specified above. The calculated RMix and
NMix compared to the measured 813C value and N:C molar ratios. The goodness of the
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fit was determined using the square root of the sum of the squares (RSS) for the
difference between the calculated RMix and NMJX values and the measured field.
Microsoft® Excel Solver was used to determine the best fit for the unknown parameters
by minimizing the RSS. The solution values for August and October are shown in Table
13. For S13C, the difference between RMix and the measured value averaged less than
0.2%o with a maximum difference of 0.4%o. For N:C molar ratios, the difference
between NMIX and the measured value was less than 0.005.

Table 13. Calculated parameters validating conceptual model.
Parameter

August

October

Refractory fraction (FR)

10%

11%

Autochthonous fraction (FA) at the
low salinity site

0%

0%

-27.7%o

-27.7%o

-22.8%o

-21.2%o

8 C for refractory fraction
N:C for labile fraction

-22.2%o

-20.6%o

0.056

0.051

N:C for refractory fraction

0.002

0.029

N:C for autochthonous fraction

0.087

0.090

813C for labile fraction
i -i

8 C for autochthonous fraction
1^

Relationship between 5

CHMW and

S

OHMW

In order to extend the above carbon-based model to 8 18 0, the relationship between
S13CHMW

and 8180HMW must be considered. For the August and October data,

8 18 0HMW

values become more enriched with a concomitant enrichment in 813CHMW (Fig. 30). The
trend could be either a relationship between the carbon and oxygen in the organic matter
or simply that each element reacting similarly (i.e., kinetic isotope effects) during the
estuarine biogeochemical cycling (Craig, 1961).
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For both isotopes, the marine values are more enriched than the upstream values.
For C, the higher isotope values result from the enriched values of bicarbonate fixed by
phytoplankton relative to the carbon dioxide fixed by land plants (Fry and Sherr, 1984).
For 1 8 0, biosynthesis pathways and degradation processes are not well understood. For
now, it is sufficient to observe that the isotopes, from a mass balance perspective, change
in a similar way. The application of the model to oxygen is therefore appropriate.
Application to conceptual model to d

OHMW

Using the OM fractions determined for carbon and N:C ratios and estimated ranges
for the 8180HMW for each pool, the model was used to solve for

8 I8 0HMW

values that
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would match the observed values. Broad ranges were used for the model 8

OHMW

starting values, as little is known regarding appropriate values (Table 14).
Using these parameters for the October data set, the calculated 5 18OHMW values for
the pools are 5.8%o, 6.9%o, and 10.9%o for the allocthonous labile, allocthonous
refractory, and autochthonous fractions respectively. The difference between model
value and measured value was within the standard deviation of the 5180HMW analysis (a
maximum difference of 0.5%o between the measured and predicted; Fig. 31b). The
model fit for the August

5 18 0HMW

data is poor with the average difference between the

model and predicted value being 1.0%o (Fig. 31a).
Two conclusions may be drawn from this simple model. First, it appears that there
are temporal variations that affect 5

OHMW that

do not affect 5

CHMW-

The poor fit of

the August data suggests that other processes are affecting the oxygen content of the
organic matter at least on an isotopic level, such as photochemical oxidation (Chapter 3).
The high river flow rate in October may decrease the residence time of the organic
matter sufficiently to hide the shift of 5180HMW- Second, the modeled isotope values for
the three organic matter pools are preliminary values with which to compare future

Table 14. Model parameters and results for
Parameter
Refractory fraction (FR)

8 I8 0HMW-

Input

Output

10% (Aug)
11% (Oct)

Autochthonous fraction (FA) at the
low salinity site
8 18 0HMW

for labile fraction

0% (Aug)
0% (Oct)
0-9%o

7.5%o (Aug)
5.8%o (Oct)

8 18 0HMW

for refractory fraction

6-1596o

7.1%o(Aug)
6.9%0 (Oct)

8 18 0HMW

for autochthonous fraction

9-20%

11.4%o(Aug)
10.9%o (Oct)
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values. It is not suggested that there are not broad isotopic ranges for these pools, just
that these values satisfy the constraints of this model. Further research, including
sampling on broader temporal and spatial scales and using laboratory cultures to
understand variations in autochthonous 8 18 0 values, will be required to test these model
values.

Conclusions
The Delaware Estuary is an excellent site for this first application of oxygen isotopes
to the investigation of estuarine biogeochemical cycling of organic matter. This wellstudied estuary, which can be modeled as a one-dimensional system, allows for
1 S

evaluation of the observed 8

OHMW values

in the context of previous conclusions.

Through the use of a two end member mixing model, it is shown that while the
estuary appears conservative based on DOC concentration and N:C molar ratios, the
isotopic parameters, both 813C and 8 18 0, appear to be predominantly of marine origin by
mid bay. In order to explain these conflicting observations, a conceptual model was
developed dividing the HMW DOM into three pools - allocthonous labile, allocthonous
refractory, and autochthonous. Using the observed DOC and molar ratios and
reasonable 8 C and N:C values for each pool, a view of the organic matter cycling
within the Delaware estuary was explored. This model was then used to evaluate the
DOM 8 18 0 within the estuary. While the October DOM 8 18 0 data was successfully
modeled, the August data was poorly fit by the parameters of the model, indicating that
1R

additional processes affect the DOM 8 O. In addition, the model suggests potential
8 18 0 values for the three organic matter pools.
While this introduction into the use of oxygen isotopes in investigating the
biogeochemical cycling of estuarine organic matter indicates that 8 I 8 0 may be a valuable
additional tracer, more research is required to validate its use. The range of values for
both riverine and marine end members as well as variations between estuarine systems is
required as well as the change in 8 18 0 associated with estuarine processes, such as
microbial alteration.
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CHAPTER V
SUMMARY
Pyrolysis-EA-IRMS is a useful instrumental method for determining 8 18 0 of DOM
isolated from natural waters to a precision of 0.4%o. As with most new analytical
techniques, the contribution of DOM 8 O to our understanding of natural processes will
only be determined over time, yet initially DOM 5 18 0 has the advantage of a reasonable
isotopic range that is not correlated with its water 8 18 0 value. In addition, as shown in
Chapter IV, the DOM 5 18 0 is influenced by additional factors beyond those affecting
8 C and elemental ratios. This presents the opportunity to combine multiple tracers to
investigate DOM sources and processes. Variations in DOM 8 O values with
geographic region and time will only begin to be understood when more data is
available.
In addition to natural abundance observations, the use of S180 enrichments has
provided insight into the photochemical alteration of DOM by tracking the incorporation
of oxygen from dissolved oxygen and water. Water was not thought to be a significant
source of oxygen to the photooxidation of DOM, yet Chapter III shows that water
accounts for twice the oxygen incorporated to HMW DOM than dissolved oxygen,
requiring that the photochemical oxygen budget be refined. Further experiments are
required to probe the mechanism by which oxygen from water is incorporated into
DOM. While the formation of hydroxyl radicals from water has been observed, the
importance of this pathway may not be fully appreciated and requires further
investigation. By conducting similar isotope labeling experiments, including the
addition of quenchers specific to individual reactive species, insight could be gained into
the principle pathways. Also, the extent to which compositional differences affect the
pathways involved in photochemical alteration of DOM needs to be investigated further.
With additional information regarding the distribution and structure of DOM oxygencontaining moieties, changes over time and differences between sites would provide
information regarding the mechanisms involved.
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Given that the DOM 8 O values seem to be affected by processes that do not alter
the DOM 813C value, the use of 5 18 0 (as a tracer or in natural abundance studies) in
multiple isotope projects adds another dimension for investigating sources and sinks of
DOM in natural systems. The factors influencing the shift in DOM 8 I8 0 values are, at
this point, purely speculative - shifts in physiochemical factors may change the
exchange kinetics, photochemical and microbial activity may impart a fractionation on
the DOM 5 18 0, and isotopically different point sources likely exist. The extent of
exchange between DOM and water as a function of change in physiochemical attributes,
such as salinity, pH and temperature, will be required to better interpret trends in DOM
5 18 0.
Analytically, the development of a suite of internationally recognized standards is
required to strengthen the use of 8 O of organic samples and allow better interlaboratory comparisons. In addition, refinement of the method to improve precision to
the level of carbon and nitrogen analyses will allow better determination of
environmental changes.
DOM 8 I 8 0 determination is largely dependent on sample preparation. Pyrolysis-EAIRMS requires a solid sample free of interfering oxygen-containing moieties, most
notably inorganic salts. While no ideal mechanism exists for quantitatively removing
salts from marine samples, ultrafiltration provides a means for both concentrating the
sample and removing salts. Unfortunately, the method is time consuming and it is
unknown how the 8 18 0 value of the ultrafiltered retentate represents the total DOM pool.
In addition, the extent of isotopic fractionation of 0 / O during ultrafiltration remains
to be determined. Validation of alternate isolation techniques, such as C-18 resins, for
preparing 8 I 8 0 sample would allow additional (albeit overlapping) fractions of DOM to
be analyzed. Quantifying the isotopic fractionation associated with extraction resins
would be difficult due to the lack of isotopic standards similar in composition (and
reactivity) to DOM.
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